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The genus Artemisia is widely diffused, and it includes about 500 species of 
plants, commonly called “wormwood” (due to the traditional use for the 
treatment of intestinal worms), “mugwort”, “sagebrush” or “tarragon” (1, 2), 
belonging to the Asteraceae family (3, 4). The name “Artemisia” derives from 
the Greek goddess “Artemis” (1). Artemisia species are perennial, biannual, or 
annual herbaceous plants and they can be used as ornamental, medicinal and 
aromatic plants (5, 6). 
1 - Artemisia, artemisinin and malaria 
Malaria is still today a big health problem in many regions of the world, 
particularly Africa, South America and South-East Asia, as reported by World 
Health Organization (7, 8). It was estimated to affect more than 225 million 
people worldwide with almost 429.000 victims, especially in the African Region, 
the majority of which (more than 50%) are represented by children under 5 years; 
about 3.3 billion people are at risk of infection and development of the disease 
(8). Malaria is caused by a blood protozoan parasite of the genus Plasmodium 
(9), whose life cycle involves both humans and a carrier insect represented by 
mosquitoes of the genus Anopheles (10, 11). Different Plasmodium species, such 
as P. falciparum, developed a multi-resistance to conventional drugs (12, 13). 
For this reason, for the past 15 years, the WHO recommended the use of 
artemisinin-based combination therapies as the best treatment currently available 
against malaria (8, 14, 15). Artemisinin is a bioactive molecule extracted from 
the Artemisia annua leaves (Figure 1; 2, 8). However, artemisinin content in A. 
annua plant is very low (0.01-1% of plant dry weight; 16-18), so different 
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strategies to enhance its concentration in planta have been explored: especially 
molecular, physiological and biochemical approaches (19-32). Unfortunately, 
biotechnological methods, such as in vitro cultivation hairy roots, plant cell 
cultures and fermentation with microbes, have not been found to be very effective 
(33-36), therefore the increase of artemisinin yield in cultivated plants remains 
an important research area. 
1.1 - Artemisia annua L.: botanical characteristics and geographical distribution 
A. annua L. is an annual aromatic herbaceous plant, and it is native from Hunnan 
region (China) but it is diffused in the temperate, cool temperate and subtropical 
zones of the world (37). The stem has an erect bearing, and it can be branchy 
from the base or monocaule; it is cylindrical and striated; it can grow to 40-100 
cm, but the cultivated plants can reach a height of 200 cm.  
 
Figure 1. The figure shows A. annua plant at the first stages of growth (A), at the full vegetative phase (B), 
and a botanic table (C) in which the flowers and shoot and root apparatus are also represented. (Source: 
Vuyck L. (1906) Flora Batava. 22 Band. Vincent Loosjes, Haarlem. Tafel 1697). 
The leaves are alveolate-punctate-glandular, 3-5 cm long and 2-4 cm wide, ovate, 
thrice pinnately cut and their lobules are oblong-lanceolate and short-acuminate, 
the upper leaves are sessile, smaller and less composed (Figure 1 A, B). The 
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inflorescence consists of a terminal panicle of pendulous flower heads (15-20 
cm), with imbricate bracts with a lanceolate shape, straw yellow in colour; the 
flowers are pentamers, hermaphrodites, composed of an actinomorphic tubular 
corolla (1.5 mm) of straw or dark yellow colour, with a five-lobed margin in the 
internal hermaphrodite flowers and a bilobate in the external female ones. The 
fruit is an elliptical-ovoid achen without pappus and seeds are numerous and very 
small in size. The root is taproot with many lateral secondary roots (Figure 1 C; 
3, 4, 12). 
1.2 - Artemisinin: localization and biosynthesis 
Medicinal properties of A. annua, in the traditional Chinese medicine, have been 
well known for centuries (8, 12, 37). Artemisinin ([3R-(3α, 5αβ, 6β 8αβ, 9α, 12β, 
12αR)]-octanohydro-3,6,9-trimetyl-3,12-epossi-12H-pirano[4,3-j]-1,2-
benzodiossepin-10 (3H)-one) is the principal bioactive product of the A. annua 
plant (2, 6, 38) and, as mentioned above, it has an inhibitory action against 
Plasmodium species, which are multi-resistant to conventional drugs. 
Artemisinin is a sesquiterpene lactone that contains a peroxidic group, 
responsible for the inhibitory action on the Plasmodium (15, 21, 37, 39, 40). This 
molecule is synthesized in the biseriate glandular trichomes of the leaves (12, 41-
44). Trichomes are small protrusions of epidermal origin present on the leaves, 
usually divided in two types: glandular and not glandular trichomes (18). 
Glandular trichomes can be small structures composed of few cells or big and 
complex structures that are differentiated in basal, median and apical secretory 
cells (18, 41). One of the most crucial features of trichomes is their capacity to 
synthetize, store and, in some cases, secrete considerable quantities of 
metabolites, included different classes of terpenoids (45). Artemisinin 
biosynthesis takes place inside multicellular glandular secretory trichomes, 
specifically A. annua glandular secretory trichome (Figure 2 A, B) which has a 
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biseriate structure formed by 10 cells: two basal cells, two median cells and three 
pairs of secretory cells; the cuticle of the secretory cells is separated from the cell 
walls to form a bilobed sac (41). Artemisinin and other sesquiterpenes are 
released and stored inside this subcuticular space (41, 42, 46, 47). The terpenoid 
pathway, that leads to the artemisinin biosynthesis, is a cytosolic pathway and 
needs isoprene units formed by five carbon atoms which are the basic 
carbonaceous skeletons. There are two important substrates: isopentenyl 
diphosphate (IPP) and dymethylallyl diphosphate (DMAPP; Figure 3; 4, 48). 
 
Figure 2. The figure shows the glandular secretory trichome of A. annua plant (A), and a graphic 
representation of B: basal cells; St: median cells; Sec: secretory cells; SS: subcuticular space (B). Source: 
Olsson et al. (41). 
These compounds derive from two pathways: the mevalonate pathway (MVA; 
cytosolic) and the methyl erythrol phosphate (MEP; plastidial) (18, 47, 49). 
Mono- and diterpenes are synthesized inside the plastids from the geranyl- and 
geranylgeranyl diphosphate, whereas sesquiterpenes and triterpenes are produced 
in the cytosol from the farnesyl diphosphate (FPP) (4, 41, 47, 48). Biosynthesis 
of FPP, a compound of fifteen carbon atoms, is carried out through the union of 
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one isoprene unit from MEP and two isoprene units from MVA (4, 49, 50), thanks 
to the farnesyl diphosphate synthase enzyme (FPPS). 
 
Figure 3. Global focus on terpenoid and artemisinin pathway. Source: Olofsson et al. (48). 
The main artemisinin biosynthesis steps can be divided into different stages 
(Figure 4). In the first stage, the cyclization of the FPP into the amorpha-4,11-
diene synthase (a bicyclic sesquiterpene) takes place by the amorpha-4,11-diene 
synthase (ADS; a sesquiterpene cyclase) (4, 46, 51-53). The second stage 
involves modifications on the isopropyldene of the amorpha-4,11-diene, which 
undergoes two consecutive oxidations by means of P450 cytochrome, CYP71V1 
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(CYP), until the formation of artemisinic alcohol and then of artemisinic 
aldehyde (34, 48, 54). Afterwards, the pathway is less known and many different 
products in planta have been isolated: artemisinic alcohol, artemisinic aldehyde, 
dihydroartemisinic acid (DHAA) and dihydroartemisinic aldehyde, thus 
suggesting that two interconnected pathways may be present (46, 52, 53, 55). 
Both pathways start from the artemisinic aldehyde (Figure 4), one leads to the 
arteannuin B synthesis and one leads to the artemisinin synthesis (4, 55). The first 
pathway concerns the oxidation of the artemisinic aldehyde to artemisinic acid 
(AA) by CYP or by aldehyde dehydrogenase enzyme (Aldh1), leading to the 
arteannuin B production (AB; 55, 56).  
 
Figure 4. Key steps in artemisinin biosynthetic pathway. Source: Nguyen et al. (55). 
Other authors suggested that AB may be converted into artemisitene (AT) and 
then into artemisinin (AN; 57), but this is true only in vitro cell systems but not 
in vivo conditions. Moreover, there are data that show a conversion of the 
artemisinic acid (AA) into artemisinin (AN) (47, 55, 58). In the other branch of 
the biosynthetic pathway, after the action of cytochrome P450, the artemisinic 
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aldehyde is reduced into dihydroartemisinic aldehyde by the artemisinic 
aldehyde reductase (DBR2; 59) and then oxidized, by Aldh1 enzyme, into DHAA 
(56). Finally, the DHAA is converted into AN as a result of not-enzymatic or 
foto- and self-oxidation reactions (4, 46, 48, 51-53, 60). 
1.3 - Other secondary metabolites in A. annua plant 
A. annua plant is a source of many other secondary metabolites, several of them 
are volatile compounds responsible for the characteristic aroma of this species 
(2, 6). Its essential oil is composed by terpenoids, phenylpropanoids, aliphatic 
compounds mainly produced in the aboveground part of the plants (61); in fact, 
it has been observed that mature leaf surface is covered by capitate glands 
containing terpenoic volatile compounds (62). The pre-flowering stage is the best 
harvesting time to have the best essential oil yield (49). However, a wide 
variability in the composition of essential oil has been registered, since the 
quantity and quality are strongly influenced by many factors such as harvesting 
time, season, fertilizers, soil pH, geographic location, subspecies or ecotypes, 
plant genotype and extraction method (62; Table 1). The main components in the 
leaves are artemisia ketone, 1,8-cineole, and camphor (2, 63-65), followed by 
other components such as alpha-pinene, camphene, β-pinene, myrcene, linalool, 
borneol, and β-caryophyllene (17). 
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In several reports it has been showed that phytogeographic origin can heavily 
influence metabolic profiles of A. annua leaves, showing great differences in the 
content of the aforementioned compounds, but also in the other produced mono- 
and sesquiterpenoids (62). In a study of Goel et al. (66) a poor quantity of 
essential oil (about 0.25% of weight) has been obtained also from roots of A. 
annua var. Jwarharti; it was rich in sesquiterpenes and oxygenated sesquiterpenes 
and had as its major constituents: cis-arteannuinic alcohol, (E)-β-farnesene, β-
maliene, β-caryophyllene, caryophyllene oxide, and 2-phenylbenzaldehyde. All 
these abovementioned plant extracts have been used in several experiments on 
Candida sp. (67-69), Aspergillus sp. (64), Staphylococcus aureus, S. 
pneumoniae, Escherichia coli, Haemophylus influenzae and Pseudomonas 
aeruginosa, in order to test their antibacterial and antifungal activity, and, in 
some cases, a good effectiveness has been observed (6, 62). 
2 - Clonal selection 
The market demands of artemisinin cannot be met with current plant yields, due 
to low and variable production of artemisinin in cultivated plants (32, 70). In the 
last 15 years, the cultivar selection has increased artemisinin concentration in A. 
annua plant, but plants generated by seeds have a high variability in the 
artemisinin and biomass production due to genetic recombination (71-74). This 
led to a limited increase in the artemisinin plant production: in fact, the range in 
the commercial lines is among 0.5-1.4% of plant dry weight (75). Instead, clone 
selection has become a good method to reduce the genetic variability and to select 
specific plant traits (76), in particular by micropropagation that is a more rapid 
technique to select specific plant genotype (74). 
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2.1 - Clonal selection "in vitro": micropropagation technique 
Plant biotechnology, and specifically plant tissue culture, started thanks to 
Gottlieb Haberlandt, an Austrian botanist who noticed the faculty “to culture 
isolated vegetative cells from higher plants in simple nutrient solutions” (77). 
Some of the plant tissue culture milestones were hormonal control of 
regeneration (78), specific knowledge on organogenesis and somatic 
embryogenesis (79), operative aspects of micropropagation and plant disease-
free production (80) to mention just some of them. In the 1970, the mass 
production of in vitro plants became usable for ornamental and crop plants (81-
83). During the following years, this technique has been widely used, and now 
most of plant species can be propagated in vitro on a commercial scale (84), 
becoming an important part of the plant industry (77, 85). In vitro plant cultures 
consist of cells, tissues or organs cultured in axenic and sterile conditions, on a 
specific medium as that created by Murashige and Skoog (known as MS medium; 
86-88), in which plant pieces, derived from a mother plant, can express their 
potential due to the totipotency of plant cells (77, 89). MS medium is composed 
by agar, macro- and micronutrients, sugars and in some cases vitamins, amino 
acids and growth hormones (86). It must be taken into account that the medium 
will have a different composition, according to the used plant material and plant 
species (88). Micropropagation is a technique used as in vitro application of plant 
tissue culture, conducted in axenic or aseptic conditions, in order to obtain clonal 
propagation of many important silvicultural, horticultural and medicinal plants 
(90-92). The traditional clonal propagation techniques (seeds and cuttings) 
require long periods of time to obtain many new adult plants with many problems 
correlated to plant diseases that can dramatically reduce the number of produced 
plants (73, 93); furthermore, conventional techniques can be successful used on 
a small scale, but not for the production on a large scale. Therefore, in the last 
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case, more efficient methods are required, such as micropropagation (94, 95). 
Micropropagation has many advantages: it gives a rapid and mass multiplication 
of true-to-type, genetically identical plants in a short period of time; plants 
produced in this way are disease-free (77, 96, 97); the technique is particularly 
helpful for the propagation of those plants that are scarcely propagated by 
traditional techniques, for instance orchids (91, 98), and it is useful to select 
specific plant traits (76, 99).  
Micropropagation leads to the regeneration of new plant individuals from plant 
explants exploiting the peculiar totipotency of plant cells (89), improving cell 
division in order to have the formation of a tissue named “callus”, consisting of 
undifferentiated cells (100). Successively, the callus proliferation or further 
differentiation events lead to the organ formation (shoots or roots) by a process 
known as organogenesis or to seed-like embryos from somatic cells, named 
somatic embryogenesis (77, 101). The cells of the plant explant are subjected to 
a dedifferentiation process, followed by a new activation of cell division through 
an increase of mitotic activity, induced by the exposure either to nutritional and 
hormonal medium constituents or to some parameters related to the growth 
conditions (e.g. light, temperature, humidity and so on; 102). Organogenesis and 
somatic embryogenesis depend on several processes of redifferentiation, such as 
cell cycle factors, hormonal and metabolic signalling, temporal and spatial 
activation of specific genes, cytoskeleton organization genes, followed by new 
shoot or root meristem organization or a bipolar cell division for somatic embryo 
growth (77; Figure 5), and these steps are very complicated and they are waiting 




Figure 5. Principal steps of in vitro differentiation and regeneration of plant tissues. Source: Loberant and 
Altman, (77). 
Micropropagation can start from three different plant material types: axillary 
buds, which can start off many new buds; direct regrowth of buds; or by somatic 
embryos, which gives rise to diploid seedling provided with shoot and root 
banded together by vascular system; indirect regrowth starting from callus of 
buds or somatic embryos (91, 95). If the number of required plants for the 
production is low, axillary bud regrowth in vitro is considered the better way for 
the micropropagation method (77, 102): this way does not require a callus stage, 
so it is less subjected to somaclonal variation (103), a phenomenon which will be 
successively examined in the text. Since a new bud regeneration is not used 
because bud meristems already exist in the leaf axils and in the tips of shoot, plant 
clonal traits are considered safer from genetic variations (100, 104). However, 
they do not grow in a whole plant due to apical control, and when small sections 
of apical meristems (like shoot tips) are cut and cultured in a medium containing 
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high cytokinin concentrations, many other quiescent axillary buds grow (77). 
Afterwards, shoots are divided into more cultures and relocated for rooting (100). 
Organogenesis leads to de novo development of shoots and roots thanks to a 
meristematic cell cluster, named meristemoid cells, whether it is an explant or a 
callus that grows up to be a shoot or a root meristem (102, 104). The formation 
of these two meristems is influenced by the type of explant, culture conditions 
and growth regulator ratio in the medium (77). Afterwards, shoots and roots go 
to an additional differentiation and growth until vascular connections between 
them are formed, thus resulting into a whole plant (105). 
On the contrary, in the somatic embryogenesis, regeneration and organization are 
bipolar, and thus an initial cell gives concurrently origin to shoot and root 
meristems that leads to the formation of proembryonic masses, which are cluster 
of cells (106, 107). Also in this case, somatic embryo differentiation and 
organization occur starting from explant or from the callus, according to the 
medium composition; in fact an exposure of tissue culture to auxin-type 
regulators leads to pro-embryonic mass induction (102). Subsequently, the 
culture is transferred to a medium without auxin, in which somatic embryos can 
fully develop (108). Then, differentiation patterns are very conserved: 1) 
structures of globular embryos; 2) the heart stage, whereby shoot and root 
meristems are plainly identified at the embryo poles; 3) the torpedo stage, in 
which shoot and root elongation and vascular connection between these latter is 






2.2 - Micropropagation technique: practical aspects 
Usually, the micropropagation work-flow requires five different stages: 
I. Mother plant selection 
II. Aseptic culture initiation 
III. Multiplication of shoot 
IV. Rooting 
V. Acclimatization 
I. The physiological and phytosanitary status of the mother (or donor) plant, 
besides its genotype, strongly influence the explant responsiveness and 
quality (91, 107, 109, 110). Therefore, the selection and maintenance of 
plant source is very important to guarantee specific plant features: true-
to-type characteristic of requested species and cultivar, disease- and 
contamination-free, and viable and vigorous plants (88, 111). The used 
explants can vary from small true meristems, dissected under the 
microscope, to bigger sections of stem, leaf or shoot tips; after the explant, 
these parts of the plant are surface sterilised with different detergents 
(Tween20), disinfectants (commercial bleach or alcohol), fungicide 
(Bavistin and Trimethoprim), and then rinsed with sterile water (77, 102, 
112). 
II. After dissection from mother plant and sterilization, the explant is usually 
placed in specific containers for in vitro cultures on an agar-based 
medium at room temperature (22-27 °C) for a period ranging between one 
week to 1-3 months, under fluorescent white lamps with a photoperiod in 
general of 16 h light/8 h dark at dark at a light intensity range of 20–100 
µE·sec−1 m−2 (1 µE·sec−1 ·m−2 = 6.02 × 1017 photons−1m−2 = 
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µmol·sec−1m−2; full sun is approximately 2000 µE·sec−1m−2; 77, 91, 102). 
The composition of the culture medium and growth regulator content are 
crucial and will change according to the plant species, multiplication 
method and type of used tissue (88). The MS medium is widely used, but 
for many plant species it is toxic and should be decreased to half strength 
or less (107). Moreover, it contains growth regulators, mainly cytokinins 
(6-benzylaminopurine, BAP, the more used), at a concentration range 
between 1 to 2 mg L-1 (89, 91, 102). The most used auxins are indole-3-
butyric acid (IBA) and 1-naphthaleneacetic acid (NAA), usually in a 
concentration from 0.1 to 1 mg L-1 (77). 
III. Afterwards, many clonal propagules, deriving from tissue masses by sub-
culturing in media that improve explant proliferation, are generated; this 
process is largely influenced by combinations of growth regulators in the 
medium (101). For instance, a high ratio of cytokinins encourages 
auxillary or adventitious shoot multiplication, whereas a higher auxin 
level leads to callus proliferation and to somatic embryogenesis (95). This 
stage can potentially last for an unlimited period of time, but commonly 
it keeps going from several months to 1-2 years, and the stock culture is 
continuously renewed to avoid the loss of regeneration potential of the 
culture (77, 97). During this phase the same medium composition, growth 
regulators and controlled conditions of the aseptic initiation culture stage 
are used. 
IV. After many cycles of subculturing, the subculture is carried out for a 
screening of microbial contaminations and the plantlet is transplanted to 
the last in vitro stage: the rooting stage, in which it is stimulated the 
organization of a completely developed plant (95, 113). Sometimes in 
vitro shoots from the previous stage, can remain too short and have to be 
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exposed to an elongation step before rooting on a poor cytokinin medium 
(88, 91). A single shoot is transferred to a cytokinin-free medium 
containing auxin, reduced sugar levels and increased light intensity (77, 
91, 95). Rooting stage follows a phase of induction characterized by 
cellular activation, orientation, organization and rooting that culminates 
with the formation of the first root (104). In order to reduce the rooting 
cost of micropropagation, it is used in vivo rooting in which 
micropropagated shoots are treated with commercial rooting powder 
(auxins) such as micro-cuttings and transplanted into a soil mixture (91, 
114). 
V. The transplantation of the plants in a soil mixture and acclimatization is 
another key stage for the success of micropropagation due to the fact that 
in vitro plants were under artificial conditions characterized by high 
levels of organic and inorganic nutrients, sucrose, hormones, high 
humidity, few gaseous exchanges and low light intensity (91). In these 
conditions, plants could grow well, but they suffer of many physiological 
and anatomical abnormalities, like a reduced ability to control water loss 
and heterotrophic nutrition mode (77, 115). Moreover, in conditions of 
high humidity, leaves have tiny wax deposition, less cuticle development 
and large stomata (89, 91, 102). For these reasons, the transplantation in 
vivo is needed to correct abnormalities (116, 117). In vitro plants harden 
for 4-6 weeks, then plants, from low light heterotrophic conditions and 
high humidity, move on to high light autotrophic conditions and low 
humidity (91, 108). Each micropropagated plant is pulled out from the 
culture medium, the roots are washed and seedlings are put into pots filled 
with a light soil mixture (118). Plantlets are covered with drilled plastic 
containers to maintain high humidity in low light conditions for about 
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twenty days until a complete acclimatization, usually when new roots and 
leaves are grown (95, 119). 
2.3 - Micropropagation: advantages and disadvantages 
In comparison to conventional vegetative propagation techniques, 
micropropagation provides many advantages in terms of economics and quantity 
and quality of the produced material. (77, 94). Some of the advantages can be the 
production of many large number of plant clones in a small space and in a short 
time (101), the possibility to eliminate bacterial, fungal and virus contamination 
from the newly produced plants (90, 120), the production of a big stock of true-
to-type clonal plants assuring a high degree of plant characteristics like size, 
shape, flower colour, concentration and presence of specific metabolites, and in 
the end the possibility to breed and select new plant varieties with specific plant 
traits (118). On the other side, there are some disadvantages correlated with this 
technique, including frequent mutations, the difficulties to propagate woody 
plant species, internal infection, vitrification, toxic exudates, high levels of 
ethylene and CO2 production, a high mortality during the transfer from in vitro to 
in vivo acclimatization (116), high costs of production (121). Surprisingly, most 
of the economic losses comes from endogenous contamination of plant cultures 
(77), but the main problem remains the somaclonal variation. This term is used 
to describe clonal micropropagated plants that show a wide range of genetic and 
epigenetic variations (97, 103, 122). 
3 - Arbuscular Mycorrhizal Fungi (AMF) 
The mutualistic symbiosis between some soil fungi and plant roots is known as 
“mycorrhiza”; it is classified in two types: ecto- and endomycorrhiza. 
Ectomycorrhizal fungi never penetrate inside root cells of the host plant (123), 
whereas endomycorrhizal hyphae go beyond the cell wall and enter in contact 
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with the plasmalemma of the plant cell (124). Endomycorrhizae are classified in 
five groups: arbutoid, ericoid, monotropoid, orchidaceae and arbuscular 
mycorrhizae. Arbuscular mycorrhiza represents the most widespread symbiosis 
in the whole world, involving about 90% of terrestrial plant species (125, 126) 
and fungi belonging to the subphylum Glomeromycotina (127). Arbuscular 
mycorrhizal fungi (AMF) coevolved along with plants for the last 450 million 
years (128) because of their crucial role in nutrient transfer toward plants, thus 
allowing land colonization by these latter (129). They cannot complete their life 
cycle without a host plant, and for this reason are considered obligate symbionts 
(130). AMF show several peculiar biological characteristics in addition to their 
obligate biotrophism, namely, coenocytic hyphae with thousands of nuclei inside 
their cytoplasm and spores; moreover, an uninucleate stage of life has been 
currently observed (129). A single spore can contain up to 35.000 nuclei (131) 
and these fungi would seem to have lost sexual reproduction (129). Spores, that 
are present in the soil, germinate because of specific exudates, secreted by plant 
root, stimulating the growth and hyphal branching (132-134). These compounds 
are usually released by roots when the plant is stressed by different conditions, 
particularly low bioavailability of phosphate in the soil (135).  The pre-symbiotic 
mycelium perceives the host plant presence by these compounds, all of whom 
have a short distance effect before degrading themselves; they are named 
strigolactones, and stimulate fungal metabolism and hyphal branching (132, 134, 
136). Hyphal growth is supported by the catabolism of spore lipids for few days 
(134, 137, 138), during which hyphae search the host plant because root 
colonization is crucial to complete the AMF life cycle (129, 134). 
However, it is well known that AMF are also active during the pre-symbiotic 
stage (134): in fact, a cross-talk communication between the partners precedes 
root colonization (139, 140). This molecular dialogue takes place through small 
lipophilic bioactive molecules, known as “Myc factor” (129, 141). These signals 
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are perceived by plants even if there is not a physical contact between the two 
symbionts (134, 142, 143). The plant responses to Myc factors range from 
molecular to organ level, that reprogram and predispose the plant development 
for the mycorrhizal symbiosis (134). Some comparative studies showed a 
symbiotic signalling pathway, named SYM, which involves essential genes for 
the symbiosis (144, 145). This pathway is shared with another symbiosis between 
root plant and rhizobia, whereby Nod factors are involved (146). In this direction, 
there is huge evidence that the same genes are responsible for different parasitic, 
pathogenic and symbiotic relationship (147). The symbiosis pathway seems to be 
controlled by the most widespread second messenger in the eukaryotic cells, 
calcium ion (Ca2+), in fact after the exposure to strigolactones it has been 
observed an increase of the Ca2+ concentration in the cytoplasm of the fungus 
(148; Figure 6). 
 
Figure 6. Representation of spore growth, fungal penetration, and arbuscule formation in root cells, 
underlining calcium variations after root contact with fungal hyphae. Source: Lanfranco et al. (129).  
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However, some variations in calcium concentration in the root epidermal cells 
after contact with the fungus hyphae have also been observed (129, 149), but 
strigolactone receptors of the fungus remain unknown yet (150). Probably, when 
the hyphopodium touches the epidermidis surface of the root, additional 
exchanges of chemical signals occur (140). When a hypha gets in touch with a 
root surface the pre-symbiotic phase ends, then it can swell, flatten on the cell 
wall and develop a hyphopodium (151). Young lateral roots are the primary 
colonization site of AMF (134, 150). The epidermal cells, which are in contact 
with the hyphopodium, assemble the compartment where the fungus will 
penetrate; cytoplasm develops a route of hypha across the cell (134, 152). The 
fungus penetrates from root epidermidis to the cortical parenchyma of the root 
without occupying the conduction tissues of the plant (151, 152). Inside the 
epidermal cells of the root, a structural reorganization takes place: the nucleus 
migrates near the contact point of the hyphopodium with clusters of actin strands 
and endoplasmic reticulum cisterns are organized around it (129, 144). 
Concurrently, the nucleus migrates to an opposite direction leaving behind a 
column-like of cytoplasmatic material formed by microtubules, actin strands and 
endoplasmic reticulum cisterns: the Pre-Penetration Apparatus (PPA). It has the 
function to surround and isolate the entry-hypha from the cytoplasm of the cell 
(151, 152). Once the fungal hypha has crossed the epidermal cell, it colonizes the 
cortical parenchyma of the root forming a structure named “arbuscule”, a typical 
AMF structure that degenerates about three days after maturity (153). Arbuscule 
can occupy most of the cellular space without compromising the integrity of the 
plasmatic membrane (151), but the cortical cells envelope the arbuscule into a 
specialized membrane named “periarbuscular membrane”  responding to the 
fungus invasion (154). The wide interface formed between the arbuscular 
membrane of the fungus and the periarbuscular membrane of the plant is the 
active site for the exchanges occurring between the two symbionts (155, 156): 
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plant supplies photosynthates to the fungus, while the latter improves water and 
mineral nutrient (especially phosphorus and nitrogen) uptake to the plant (129, 
157-160). The most investigated and understood function of AMF is the transfer 
of phosphate taken up by extraradical hyphae (161) and delivers it to the plant in 
exchange for the carbon compounds derived from photosynthesis (138, 161; 
Figure 7). 
 
Figure 7. Schematic representation of plant-fungus nutrient trade-off. The figure shows the principal 
transporters of the main essential macronutrients from plant (carbonious compounds) to fungus, and vice 
versa (phosphorous and nitrogen). Source: Bitterlich et al. (161). 
Thus, plants can generally acquire this element through a direct pathway (DP), 
transferring phosphate ions from the soil near the roots, or through a mycorrhizal 
symbiotic pathway (MP; 162).  Therefore, phosphate availability is limited by a 
rapid immobilization in the form of free cations (163). Afterwards, a depletion 
area near the roots is generated, reducing the supply of available phosphate for 
plant uptake (163, 164). The network of AMF hyphae elongates over the 
depletion zone, gaining access to an extensive area of soil for phosphate uptake 
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(163, 165; Figure 8). So, the mycorrhizal symbiosis may improve the use of 
phosphate by plant (166). 
 
Figure 8. The figure shows the limited nutrient uptake by plant root, causing also by the phosphate depletion 
zone in non-mycorrhizal plants (left side), and the enhanced uptake of nutrients from the soil in mycorrhizal 
plants due to hyphal elongation beyond the depletion zone (right side). Source: Jacott et al. (163). 
In support of what has been previously described, the periarbuscular membrane 
is equipped with specific transporters of phosphate, for instance STPT3 in potato 
plant (167) and MtPT4 in M. truncatula (168), by absorbing phosphate released 
into the periarbuscular space by the AMF (163). However, the fungus represents 
a remarkable cost in terms of carbon for the plant, and this aspect should not be 
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underrated (161, 169). In exchange for photosynthates, AMF provide mineral 
nutrients and water to the plant (138, 170). Moreover, fungal hyphae are more 
capable to stick into small pores of the soil compared to plant roots, due to their 
thinness (171). In this way, inorganic macronutrients (as P and N), micronutrients 
and water, can be transferred from the soil to the plant by the extending hyphae 
of the root outside, and the fungus receives carbon from the plant (172-174). As 
it has been formerly said, arbuscules are the exchange site of nutrients between 
the two partners (170, 175), so in case of scant nutrient supply that leads to a 
limited plant growth, AMF can ameliorate this limiting condition (176). 
Consequently, AMF are accounted to be the movers of soil elements to the plant, 
often immobile elements such as phosphorus, copper and zinc, which would not 
be available for plant uptake (177). In these limited conditions, plants can 
strongly profit by this symbiotic relationship (174, 178). AMF can also aid plants 
to grow under abiotic stress conditions such as drought (179-181), salinity (182-
183), heavy metal contamination (185, 186) and in the presence of biotic stress 
such as plant pathogens (174, 187). This latter phenomenon is probably due to 
the activation of an immune plant system thanks to the fungal presence in the 
roots, as observed in a study on tomato plant attacked by Phytophthora ssp., 
where it was underlined a systemic effect of mycorrhizal symbiosis on plant 
resistance to pathogens (187-190). 
Even if the arbuscular mycorrhizal symbiosis is rather aspecific, some differences 
in the colonization among the different AMF and plant species were observed 
(181, 184, 191). In fact, the recognition process between the two partners, and 
the following starting of the symbiosis, may be considered as a compatibility due 
to genetic factors (181, 192-195). AMF colonization can also be influenced by 
scion type (196), and different responses to different mycorrhizal fungus species 
were reported in several plant cultivars (181, 197-200). Moreover, many other 
factors can influence symbiosis, from climate conditions (180, 196) to the levels 
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of available nutrients in the soil (196, 201, 202); mainly high phosphate 
concentrations in the growth substrate can strongly inhibit root colonization by 
the fungus (177, 196, 203). 
3.1 - Effects of AMF on plant growth 
As previously mentioned, mycorrhizal symbiosis is built on a strong exchange of 
nutrients between the two symbionts: the fungus provides many mineral nutrient 
supplies to the plant that gives it the possibility to improve its own plant growth 
(163, 204). In many cases, it has been observed an improvement in plant growth 
with different plant and AMF species, the principle is based on a better uptake of 
nutrients, particularly phosphate, an element that is involved in many biological 
processes in plants (205). A higher availability of high energy compounds (like 
ATP) and substrates into plant cells can lead to an activation of the primary 
metabolism, which results in an increased biomass production and consequently 
to better plant growth performances (166). Many studies, on different plant 
species, showed that AM symbiosis can enhance host growth, for instance, in 
plant of Medicago truncatula (206), Solanum licopersicum (207), Linum 
usitatissumum (208), Cucumis sativus (204), Triticum aestivum (209), Capsicum 
spp. (210), and Arundo donax (211), if compared to non-mycorrhizal ones. In 
order to better explain the spreading advantages of mycorrhizae for plant growth, 
a recent paper has reviewed data of different plant species inoculated with AMF 
from 127 articles and 47 different scientific journals, published in the last 15 
years (170). The experiments aided to observe the AMF effects in several growth 
conditions on species belonging to 43 plant families, including Fabaceae, 
Asteraceae, Poaceae and Solanaceae, sometimes even under abiotic stress, 
evaluating the mycorrhizal colonization in the roots, the root and shoot biomass 
enhancement, plant nutrition and yield increase. As a result, in the majority of 
the studies, a significant root colonization degree in comparison to non-
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mycorrhizal plants was observed in 93% of the experiments. In the same way, an 
increase of root and shoot biomass in about 73% and 80% of the studies, 
respectively, in the inoculated plants were registered; and finally, mycorrhizal 
plants showed an enhancement in yield and plant nutrition after inoculation in 
84% and 92% of the experiments, respectively (170, 212). Also studies on 
different aromatic plants, like basil (Ocimum basilicum; 213), oregano 
(Origanum vulgare; 214), mint (Mentha piperita, Mentha arvensis; 215, 216), 
sage (Salvia officinalis; 217) reported the positive effects of AMF on plant 
growth, leading to significant variations in plant biomass production (212). 
Regarding A. annua plant, the Asteraceae family is very responsive to 
mycorrhizal colonization, and in most of the available studies, an increase in 
plant biomass in presence of AMF was observed (19, 20, 23, 24, 30); whereas in 
other studies a neutral effect on A. annua biomass production when colonized by 
AMF was recorded (218). Likewise, in several studies AMF colonization did not 
lead to an improvement of plant biomass production and plant growth (163); 
highlighting different growth responses of plants colonized by AMF, in which 
neutral or negative growth variations can occur (163, 208, 219). For instance, in 
a study on wheat plants inoculated with ten different AMF species, a diminished 
growth in presence of all the AMF species was reported (220); this negative effect 
on plant growth was already noticed in other research on wheat (221, 222), barley 
(223) and tobacco (163). However, in some experiments, mycorrhizal plants 
showed a decreased growth in the early phases of development, but they still 
resulted to be able to complete their reproductive cycle (224). Instead, in other 
trials on tobacco plants, inoculated with AMF, the growth reduction was 
quantifiable in 50% comparing with the respective non-mycorrhizal plants, 
suggesting a trade-off between host-plant responses and fungal colonization 
(163, 225). For it is widely recognised that the symbiosis is based on the exchange 
of plant photosynthetic products for fungal phosphate (152), therefore it is 
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plausible that the amount of carbon supply in respect to the phosphate acquisition 
is crucial for the host fruition (163, 226). Perhaps the reduction in plant growth 
appears whether the cost of plant carbon derived from photosynthesis oversteps 
the advantage in growth obtained from the enhancement of phosphate uptake 
(227). It has been formerly stated that the MP way gave additional phosphate to 
mycorrhizal plants and the DP way was not subjected to the colonization 
influence (228). However, phosphate uptake through these two ways would be 
not completely additive (208, 219). Throughout the fungal colonization, the DP 
contribution to the phosphate uptake would be lessened and, in relation to the 
available phosphate amount and to the species and genotype of the plant and 
AMF, the MP way could not be enough to supply advantages to the plant and, as 
a consequence, there would be a complete reduction of phosphate uptake (208, 
222, 228, 229). Moreover, in some studies, the phosphate transporters of DP way 
would be downregulated during the mycorrhizal symbiosis (230, 231), whilst in 
other studies it would not happen (223, 232). This conflicting interrelation, 
between DP and MP ways, could partially give an explanation to the decreased 
plant growth due to the AMF colonization, so highlighting some fungal species 
which do not provide suitable amount of phosphate in exchange for carbon 
produced by plant (233-235).  
A number of studies showed that AMF ameliorate the nutrient reservoir of 
several vegetable crops, and this ability is governed by the plant and fungus 
genotypes (187); as it was broadly verified in a study on Allium cepa, where a 
significant enhance of phosphate uptake in inoculated plants, in comparison with 
uninoculated plants, was observed according to the different used species of 
AMF (187, 236). Even if the positive growth responses are ascribed to an 
enhanced phosphate uptake via MP, it could also emerge from an improving 
uptake of other limiting nutrients, for instance nitrogen (159, 162). In fact, 
nitrogen uptake through fungal hyphae was confirmed in several experiments 
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(237-239), and specific fungal transporters of ammonium were characterized in 
Sorgum bicolor (240) and Lotus japonicus (241). However, the importance of 
mycorrhizal symbiosis on plant uptake of nitrogen is not well understood like as 
the phosphate one, but the involvement of AMF in nitrogen plant nutrition would 
vary to a great extent depending on several conditions (129, 159, 242, 243).  
Therefore, growth promotion of the plants, due to mycorrhizal inoculation, has 
been observed in different species and cultivars (187, 244), but a non-
responsiveness after the fungal colonization can also appear, like in cucumber 
(Cucumis sativus) and pea (Pisum sativum; 138). Instead, some crops like tomato 
(Solanum lycopersicum) showed a growth promotion, and the same host species 
can be likewise either non-responsive toward AMF colonization or suppressed in 
their growth (159, 187). These observations can be related to a different 
“symbiosis efficiency” (208, 245), intended as the capacity of the fungus to 
transport essential nutrients, like phosphate, from the extraradical mycelium 
(ERM) to the intraradical mycelium and to transfer them into the plant (155, 245), 
but also the capacity of the ERM to solubilize and absorb nutrients from the soil 
(246). 
Results of some studies underlined that AMF showed a species-dependent and 
genetic-dependent host specificity (177). Several fungal isolates from diverse 
soils and geographic origins were partially re-sequenced in order to study the 
functional involvement of genetic diversity in AMF populations and to select 
further fruitful AMF for plants (170, 247). Other two aspects, which should not 
be underrated, are plant species and plant genotype that vary considerably in 
response to mycorrhizal inoculation (159, 170, 248, 249). This has been 
confirmed in a study on different cultivar of Cucumis sativus, where different 
effects on plant growth in respect to the same AMF species were observed (250), 
underlining the importance of the genetical compatibility aspects in this 
relationship. It has been observed that plant productivity increases in mycorrhizal 
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plants, as in tomato plants where an increase of fruit yield was recorded together 
with an earlier flowering and fruiting time compared to non-mycorrhizal plants 
(251-253). These latter effects on the plant phenology seem to be due to 
modifications of phytohormone levels, such as abscisic acid, jasmonic acid (254), 
auxin, ethylene and salicylic acid (255), throughout the AMF colonization (129). 
These hormones are involved in the establishment and functioning of the 
mycorrhizal symbiosis (256, 257). Therefore the modification of hormonal 
equilibrium and transcriptional profile in plants colonized by AMF, could 
likewise influence plant responses toward stresses (biotic and abiotic; 129, 258, 
259). In the same way, symbiosis can decrease the negative effects of soil 
pathogens (260) and its effect suggests that the protective role of mycorrhizal 
fungi would not be plainly caused by an increased mineral nutrition, but an 
activation of systemic defence reactions (129, 261, 262). This latter hypothesis is 
strongly supported by studies in which an up-regulation of genes related to stress- 
and defence-responses, in mycorrhizal plants, endowed plants with high 
tolerance to shoot pathogens (263). 
Root colonization by AMF also leads to a modification of the root architecture 
(264, 265). The total root extension can enhance, as observed in Vitis vinifera 
(266), or not, as in Solanum lycopersicum (267). Also, the length and the number 
of roots can change according to the symbiotic associations, with more frequently 
modifications in the lateral roots than in the main root (268). In fact, an increase 
in the development of the lateral roots is a common effect due to the mycorrhizal 
colonization (267, 269, 270) maybe to improve the AMF penetration sites (271, 
272). Consequently, the root apparatus is highly branched, as noticed in a study 
on Allium porrum (273). The crucial role of mycorrhizal symbiosis in the 
development of lateral roots, was confirmed in studies on maize plants (Zea 
mays) deprived of the gene responsible for lateral root formation (231); while in 
Medicago truncatula plants, lateral root formation was induced by the AMF 
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spore germination (274). Further effects involve the root apical meristem (275), 
into the colonized tissues stele and the cortical tissue differentiation takes place 
near the apical tissues, so that a more rapid senescence pattern in the root apexes 
is observed, in comparison with not-colonized roots (273, 276). Moreover, 
meristematic cells show a fast mitotic cycle when the mycorrhizal colonization 
increases (277). An enlargement of the root apex, that leads to a thinner root 
(275), an improvement of root dry weight, and an enhancement of root branching 
(264) are all other effects due to the AMF root colonization (269). The causes 
liable to this event can be direct, including the fungal exudate action, and indirect, 
relating to a better mineral nutrition and hormone level balancing, both in mono- 
and dicots (268). In fact, it is widely recognised that mineral nutrients, like 
phosphorus and nitrogen, can strongly influence root morphogenesis, even if the 
contribution of AMF toward nitrogen nutrition is currently poor understood (159, 
268). As previously described in the text, a precise exchange of signals between 
plant and fungus leads to the symbiosis (278), and these compounds also have a 
function as plant growth regulators, able to change root growth (279); as broadly 
demonstrated  in M. truncatula plants treated with exudates derived from 
germinating spores of Gigaspora margarita, G. rosea, R. irregularis and R. 
intraradices, stimulated the development of lateral roots (274, 279). 
Furthermore, an increased supply of sucrose toward the root system was also 
reported in mycorrhizal plants (280, 281), highlighting that these effects can be 
ascribed to the fungus signals in order to obtain carbon from the plant (138, 281). 
Many plant hormones change in their own levels during the establishment of the 
symbiosis, suggesting a regulatory role in this relationship (254, 255, 282) and 
an involvement in root morphogenesis (283-286). Data on these related-AMF 
changes in plant hormonal concentrations are few, sometimes, diametrically 
opposed to poorly correlated with root morphogenesis, and the involved 
molecular pathway is until now unknown (268). Auxin, for instance, has a 
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positive role in the regulation of root apical meristem size through promoting cell 
division, opposing to cytokinins, and in process of cell elongation along with 
ethylene (287); furthermore, it is also the chief governor throughout every step 
which succeeds one another during the lateral root development (288, 289). 
Given that mycorrhizal colonization causes an enhancement in root branching, 
the root architecture organization in roots colonized by AMF can be modified by 
an implication of auxin (255, 290, 291). This was broadly confirmed in many 
studies on different plant species in which modifications in root architecture in 
presence of AMF were positively correlated with increased concentrations of 
auxins, like indole-3-acetic acid (IAA; 273, 292) and indole-3-butyric acid (IBA; 
293-296). Moreover, the auxin transport in plant and its regulation have an 
important role in the morphogenesis of mycorrhizal roots, involving different 
molecules that can modify auxin and PIN protein distribution and synthesis, as 
the following: sucrose (284), ethylene, citokinins, strigolactones (297), 
gibberellins (298), jasmonate (299), abscisic acid (300), nitric oxide (301) and 
flavonoids (302). Strigolactones deserve a separated speech, beyond their role in 
promoting the establishment of AMF symbiosis (129, 282, 303), it has been 
observed that they can contribute to modify root development, but they also can 
inhibit branching in the shoot (297, 204, 305). Both in monocots and dicots some 
genes involved in strigolactone synthesis have been isolated, and a reduced flux 
of auxin under the optimum needed for the formation of lateral roots has been 
ascribed to influence the development of these latter (304, 306). 
3.2 - Effects of AMF on plant metabolism 
Plants can produce a wide range of compounds that apparently do not seem 
related to its growth, named secondary metabolites (307), which derive from 
products of primary metabolism and have an important function for the 
adaptation of the species, such as protection to parasites, attractive features for 
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pollinators and seed dispersers, in plant-plant competition and plant 
microorganism symbioses (as formerly mentioned). Verpoorte (308) reported: 
“Secondary metabolites are compounds which act as a defensive role in the 
interaction of the organism with its environment for survival in the ecosystem 
and are restricted to particular taxonomic group”. AM association can lead to a 
physiology alteration and variation of metabolic composition in plant leaves and 
roots (211, 309). AMF symbiosis noticeably modifies plant metabolism, both 
primary and secondary one, in the colonized roots (310); for this causing specific 
physiological variations in plant cells (311). It is an increase of nucleus size, and 
the chromatin inside these latter decondenses, due to an improved transcriptional 
activity (312); moreover, mitochondria become more numerous, migrating to the 
arbuscule structures (313; 314). Plastids move nearby arbuscules, rise in number, 
and stromules become more numerous, thus making a net structure around the 
fungus (314). Therefore, metabolic changes in the cortical cells of the root are 
triggered by these physiological variations, inasmuch more plastids and 
mitochondria can give rise to enhanced production of energy (from the TCA 
cycle) and plastid metabolites, like amino acids, fatty acids, carotenoids and 
terpenoids (260, 314). Likewise, in order to support the exchange between the 
arbuscule and the plant cell, sugar content in the cytosol improves, thanks to the 
increased photosynthetic activity in the aboveground of the plant (315-317). 
When these metabolic shifts have occurred, mineral nutrient (especially P) are 
exchanged from the fungus to the plant cell for amino acids, sugars (fructose and 
glucose) and fatty acids (315). For instance, in rosemary plants, it has been 
observed that some physiological responses to the AMF colonization were 
interrelated to plant metabolome modifications in the root (318). This highlighted 
that plant compounds with antioxidant purposes (polyphenols; 319) were 
correlated with rosemary plants inoculated with AMF, whereas other 
polyphenols were more affected in non-inoculated plants (318, 320). The same 
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former observation was found in Rivero et al. (321), whereby metabolite profile 
changes in tomato roots colonized by AMF were registered, highlighting the 
possibility of a potential bioactive metabolite increase in consequence of AMF 
symbiosis establishment (322). Therefore, in mycorrhizal plants, a series of 
changes in the amino acid production, oxylipid pathway activation, plant 
hormones, fatty acids, secondary metabolites, and sugar metabolism were 
globally reported (311, 317, 321, 323). 
It is well known that root colonization by AMF can affect the production of 
secondary metabolites, such as alkaloids (324), phenolic compounds (325) and 
isoprenoids (19, 20, 30, 218, 326), but also vitamins, chlorophylls and 
carotenoids (327). Thus, secondary metabolism of the shoot strongly varies: 
AMF may lead to an enhanced biosynthesis of health-promoting phytochemicals 
(polyphenols, carotenoids, flavonoids, phytoestrogens) and a higher activity of 
antioxidant enzymes (30, 325, 328-330). In some studies, an enhancement of 
chlorophyll and carotenoid levels in mycorrhizal plants was observed, thanks to 
an increase of the photosynthetic activity (327, 331, 332). This event not only 
improves host-plant photosynthetic activity through the enhanced content of 
chlorophylls, but it also affects the development of the photosynthetically tissue 
(333). On the contrary, some studies revealed no differences in the photosynthetic 
apparatus in plants inoculated with AMF (334), so it could be presumed that 
mycorrhizal colonization alone does not directly impact on the above-mentioned 
photosynthetic system. In other studies, higher carotenoid concentrations 
(lycopene and β-carotene) in fruits of tomato plants inoculated with Glomus sp., 
were considered due to the above-mentioned photosynthetic activity 
enhancement (327, 335). AMF colonization can also increase the nutritional fruit 
values by modifications of plant metabolomic profile, as reported in many papers 
(336-339). Furthermore, the use of AMF inocula to improve the production of 
secondary metabolites in plants is favourable because it contributes to sustainable 
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agriculture, reducing the use of chemical fertilizers (340). Mycorrhizal plants 
show different altered metabolite profiles, both quantitatively and qualitatively, 
in comparison to non-mycorrhizal plants (341-346). In a study on Coriandrum 
sativum, for instance, inoculation with AMF increased the monoterpene α-pinene 
in a significant manner, if compared to non-mycorrhizal coriander plants (326); 
whereas in another study on two species of Mikania genus (M. laevigata and M 
glomerate), belonging to the Asteraceae family, a four-time increase of some 
terpenoids (such as diterpenes) in plants inoculated with the fungus R. irregularis 
was observed, but the effects varied according to the plant species (345). 
Regarding this latter aspect, specific secondary metabolites can be subjected to 
an increase of their own levels according to plant species and plant genotype 
(311).  
Speaking of this last assertion, Schweiger et al. (347) noticed that different plant 
species, such as Poa annua, M. truncatula, Plantago lanceolate, P. major and 
Veronica chamaedrys, inoculated with R. irregularis had different metabolome 
responses and showed a species-specific enhancement of some secondary 
compounds. On the other hand, different AMF species may also result in diverse 
effects on plant secondary metabolite levels, as it was reported in experiments in 
which Funneliformis mosseae induced a high degree of metabolic changes 
comparing to R. irregularis (321). Many data are available in regard to AMF 
effects on the secondary metabolites production in medicinal and aromatic plants 
(20, 214, 217, 326, 348-354). Members of the Asteraceae family, like A. annua, 
easily establish symbiosis with AMF (345, 355-358).  Concerning A. annua plant, 
few studies were reported, yet the vast majority of them reported an increase in 
artemisinin production (19, 20, 23, 29-31) and antioxidant enzymes (30); 
whereas, in some studies, significant changes in terpenoid and artemisinin 
content were not observed (23, 359). Moreover, it has been observed a correlation 
between an increase of reactive oxygen species (ROS) and an improvement of 
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secondary metabolite production, suggesting that in A. annua the 
dihydroartemisinic acid had a scavenger function converting itself to artemisinin 
(360). However, ROS enhancement has been also observed in mycorrhizal roots 
(361), so that artemisinin improvement could be due to a plant defensive response 
against the fungus (20, 190). Nevertheless, mycorrhizal symbiosis can potentially 
negatively influence terpenoid yield reducing shoot biomass, as it has been 
observed in Rapparini et al. (218) in which fungal colonization had a neutral 
effect on terpenoid concentrations, otherwise reducing plant shoot biomass. 
Terpenoid accumulation in consequence of AMF symbiosis establishment was 
associated with different processes: plant morphology modifications (19, 24, 
344), phosphorus bioavailability (362), and terpenoid pathway related-genes (24, 
344, 363). Plant morphology can be altered by mycorrhizal colonization because 
this latter is associated with changes in density of leaf glandular trichomes (351, 
364), and since terpenoids are stocked inside these structures, a positive 
correlation with the increase of terpenoid contents in the leaves has been 
observed (19, 24). In Kapoor et al. (19) a close correlation between trichome 
density and artemisinin contents in the A. annua leaves has been showed, so this 
factor could be significantly crucial to contribute terpenoids accumulation due to 
AMF; yet the increased trichome density is subjected to the specificity and 
compatibility between the two symbionts (19, 364). Furthermore, only some 
terpenoids are contained into trichomes (327, 365), instead carotenes and 
diterpenes are stocked into leaf (327), fruits (336) or roots (365).  
Mycorrhizal symbiosis can result in an improvement of phosphorus 
bioavailability, and this could be an important mechanism that leads to a major 
terpenoid accumulation (362). In fact, in order to build isoprenoid precursors (IPP 
and DMAPP), phosphorus is needed, likewise phosphorus related-factors as 
adenosine triphosphate (ATP), acetyl-CoA, and nicotinamide adenine 
dinucleotide phosphate (NADPH; 366). The increase of phosphorus plant 
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concentration was observed in many mycorrhizal plants (362, 367, 368) and, in 
some studies, a positive relationship between terpenoid and phosphorus content 
was reported, both in quantitative and qualitative terms (24, 336, 350). It has been 
reported that mycorrhizal colonization positively influences the uptake and flow 
of phosphorus, but also the P transporter expression (369). However, phosphatic 
nutrition alone is not sufficient to comprehend and explain the enhanced 
accumulation of terpenoid compounds in plants colonized by AMF (362). In fact, 
in a study on Coleus forskholii, which produces forskolin (a diterpene used for 
lowered intraocular pressure; 370), inoculated with two different Glomus sp., an 
increase of forskolin was observed, but it was correlated to an improved 
phosphorus concentration in plants inoculated with one fungus species, while 
with the second fungus species it did not happen (368). Therefore, other 
phosphorus independent mechanisms could be involved in the AMF related-
terpenoid enhancement, highlighting the possibility that isoprenoid precursor 
production is controlled by a multiplicity of processes independently to the 
phosphatic nutrition (371, 372). As formerly mentioned, in order to synthesise 
IPP and DMAPP from the MEP pathway two enzymes are needed: 1-deoxy-D-
xylulose-5-phosphate synthase (DXS) and 1-deoxy-xylulose-5-phosphate 
reductoisomerase (DXR; 363, 373) and, in many cases, improvements in 
transcription of these two enzyme genes associated with plant terpenoid 
enhancement were registered (24, 363, 374-376). It has been demonstrated that 
genes, involved in the isoprenoid pathway, are upregulated in consequence of 
mycorrhizal colonization and interrelated with improved terpenoid plant 
production (24, 344). This increased gene expression induced by AMF has been 
ascribed to a higher availability of mineral nutrients (344) and a higher jasmonic 
acid levels in the plant (24, 377). MEP gene expression can be influenced by 
several range of factors: photoperiod, light intensity, temperature, abiotic and 
biotic stress, and circadian cadences (378, 379). Furthermore, it is a metabolic 
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cross talk between the plastidic (MEP) and the cytosolic (MVA) isoprene 
pathways, that can partly influence the isoprene biosynthesis (380). Considering 
the wide range of influences which the MEP pathway can undergo, the existence 
of different DXS isoforms has been inferred, resulting in the overproduction of 
various terpenoids (24, 363).  
In some cases, the mycorrhizal colonization can negatively influence the 
terpenoid production through the expression of DXS isoform genes that lead to 
decreased levels of specific related compounds, as reported in a study on 
Medicago truncatula in which the inoculation with R. irregularis improved the 
expression of DXS2, a DXS isoform that was negatively correlated with carotene 
content (363). However, in Ipomoea batata colonized by the same fungus, an 
improvement of carotene content comparing to non-mycorrhizal plants was 
reported (365). Surprisingly, in Giovannetti et al. (336) the lycopene content was 
not associated with DXS2 expression, and significantly increased in tomato 
plants inoculated with the former fungus according to a significant improvement 
in phosphorus content. So that it is not completely clear if higher contents of these 
compounds are ascribed to a better plant nutrition or to gene expression switches; 
alternatively, it has been considered that different AMF species could have a 
range of broadly different effects depending on the plant species (353, 362). 
Recently, an influence on genes that encode for enzymes downstream of the MEP 
pathway in consequence of AMF-plant symbiosis has been observed (344), and 
this could support a theory in which a strength specificity between the two 
partners is needed (20, 23). Regarding this latter aspect, a great genetic 
fluctuation related to the origin of AMF has been already shown through 
metagenomic analysis (381). In fact, the different AMF genotypes derived from 
different climatic and environmental conditions and their use can have limited 
effectiveness far from their own ecological niche, resulted in reducing capacity 
to establish symbiosis with non-native plant species (245, 362). Divergences 
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among the transcriptional profiles of AMF species in several taxa were recorded 
(206, 245, 382); so that terpenoid improvement can be simultaneously connected 
with a better plant nutrient uptake and variations in the gene transcription levels 
of the terpenoid biosynthetic pathway (24, 344). The differences in terpenoid 
production due to mycorrhizal colonization would result from several genetic 
differences among the genotypes of AMF species (383). Therefore, plant species 
and genotypes, climate and environmental conditions, AMF species and 
genotypes, and the host plant-fungus genetic compatibility can be key factors in 
the AMF-related accumulation of terpenoids (362). Recently, some studies have 
showed a species-specificity in the metabolic responses of the leaf related to the 
used AMF (330, 347).   
4 - Plant Growth Promoting Bacteria (PGPB) 
Plant growth promoting bacteria (PGPB) are a group of rhizospheric bacteria able 
to improve plant growth (384, 385). In the soil there are naturally present 
microorganisms, and it was estimated that bacteria represent the vast majority of 
them (about 95%; 386), but only a few soil bacterial cells are cultivable in vitro, 
about 1% (387). Soil conditions, like moisture, salt, other chemical substances, 
temperature, number and type of plants in the site can strongly influence the 
number and the type of bacteria in a specific soil (388-390). Rhizosphere is the 
part of soil near the plant roots and this zone has a large number of bacteria, from 
10 to 100 times higher than that found in bulk soil (391, 392). Around the roots, 
a high concentration of soil bacteria is found due to the root exudates released by 
plants (393-396). The main compounds in root exudates are sugar (fructose), 
organic acids (citric, lactic, succinic, malic, oxalic, pyruvic, aliphatic and 
aromatic acids), photosynthates (397, 398), polyamine (399) and a wide range of 
insoluble substances (cellulose, protein, lignin) derived by root cell exfoliation 
(397, 400). Root exudates are used by microorganisms as a nutrient source for its 
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own growth (384, 401) and play a key role in indirect plant-bacteria interactions 
(387). On the other hand, organic matter decomposition, essential element 
recycling, plant growth regulators, root growth stimulation, soil fertility, plant 
pathogen biocontrol, degradation of organic pollutants, mineral nutrient 
solubilization and vegetation changes are all mechanisms involved in the plant 
growth promotion by PGPB (386, 402, 403). The use of PGPB as biofertilizer 
could be a good opportunity to reduce the amount of chemical fertilizers and thus 
economically advantageous, beneficial for the environment and convenient to 
switch toward a sustainable agriculture (404-407). PGPB include either bacteria 
that live inside plants, directly exchanging with them nutrients and metabolites, 
or free-living bacteria which live surrounding plant roots (384). They have been 
classified in intercellular-PGPB and in extracellular-PGPB (408).  The first ones 
are endophytes and mostly reside in the intercellular spaces of the host plant and 
can also penetrate into plant cells forming specialized structures in the roots, 
named nodules (387, 390). They belong to the Rhizobiaceae family that includes 
different genera, such as Allorhizobium, Bradyrhizobium, Mesorhizobium and 
Rhizobium, endophytes and species like Frankia (409). The second ones are 
present in the rhizosphere or in spaces between root cell cortex, and they are 
represented by the genera Agrobacterium, Arthrobacter, Azotobacter, 
Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium, Erwinia, 
Flavobacterium, Micrococcus, Pseudomonas and Serratia (410).  
4.1 - Effects of PGPB on plant growth 
It is widely recognised and proven that PGPB inoculation result in an 
improvement of plant growth on a wide range of plant species (384, 411, 412) 
even in the presence of several stressful conditions (387, 413). These treatments 
improve seed germination percentage, seedling vigour, root and shoot growth, 
plant biomass, leaf area, chlorophyll content, weight of seeds, flowering, grain 
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and fruit yield (414-418). For instance, seed bacterization of different plants 
(ornamental and crop plants) led to increased plant growth and to resistance to 
disease (419). Many studies highlighted this phenomenon, in vegetable crops 
(both in greenhouse and field experiments). PGPB inoculation led to an 
enhancement of plant productivity (420). For example, in broccoli plants 
inoculated with P. fluorescens (strain MTCC103) in greenhouse conditions or 
with Brevibacillus reuszeri and R. rubi in field conditions, an increase of broccoli 
yield, plant growth and productivity was recorded (421, 422). In lettuce plants, 
Lactuca sativa, an early seed germination, increase of leaf dry weight, leaf area, 
number of leaves, seedling height and root length were observed when inoculated 
with A. brasilense, also when plants were grown in the presence of sodium 
chloride (423-425). An enhancement of root and shoot weights, stem diameter, 
root length was recorded also in experiments on pepper plants inoculated with 
different Bacillus (426) and Pseudomonas (427) strains, even under severe 
drought conditions (428). Instead on fruit crops, as reported in several studies 
either in greenhouse or field conditions, the most used strains of PGPB belong to 
Pseudomonas and Bacillus genera that determined the best positive effects, like 
enhanced yield, weight and quality of fruits, especially on apple (429-431), 
apricot (432, 433), banana (434), cherry (435), grape (436), hazelnut (437), 
kiwifruit (438), and strawberry plants (253, 328, 339, 439). Moreover, PGPB can 
positively influence flower and ornamental plant growth, including members of 
Asteraceae, like Chrysanthemum, Dahlia (440), Zinnia (441); Solanaceae, like 
Petunia (442); Iridaceae, like Gladiolus (443, 444); Geraniaceae, such as 
Pelagornium (440); and Oleaceae, like Jasmine (445). The major effect of PGPB 
inoculation has been an enhancement in the flower number per plant, but in some 
cases even an increase of shoot and root weights was observed (446, 447). 
Furthermore, PGPB can be used to reduce the transplantation stress in ornamental 
plants, causing a significant reduction of necrosis, leaf abscission and more 
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tolerance toward drought stress (387, 448). PGPB have positive effects also on 
the root system, resulting in morphological changes that lead to root elongation 
and proliferation improving the plant capacity to find water and nutrients in the 
soil (449). However, different effects on plant growth have been observed, as 
reported in a study on two cultivars of Oryza sativa var. japonica (450) 
inoculated with two PGPB strains of Azospirillum sp: the plant growth responses 
varied according to the cultivar and bacterial strain. On one hand, these 
observations are supported by other studies in which differential varietal response 
in many crops (e.g. corn, sorghum, rice and wheat) has been reported (451-453). 
On the other hand, after inoculation of one cultivar with several PGPB strains, 
different effects on plant growth were also reported (454). According to these 
works, the results of the bacterium-plant interaction depend on the plant cultivar 
and PGPB strain combination (450, 455). Also in medicinal and aromatic plants, 
PGPB inoculation can positively affect plant productivity (352, 456-458); 
nevertheless, few reports on A. annua plant are present in the literature. In 
Awasthi et al. (23) A. annua plants showed a higher productivity of biomass and 
nutrient uptake when inoculated with two PGPB species, such as Bacillus subtilis 
and Stenotrophomonas spp., compared with non-inoculated plants. Moreover, in 
different studies of Arora et al. (25, 26), on plants of A. annua inoculated with A. 
chroococcum, an increase in plant height, plant biomass production (both in root 
and shoot), and either in fresh or dry weights was observed, also in severe soil 
salinity conditions (200 mM NaCl; 459). 
4.2 - PGPB mechanisms of action 
PGPB can generally ameliorate plant growth in a direct way, often due to their 
capacity to improve plant nutrient uptake and/or influencing plant hormone 
balances, or in an indirect way through the diminishing of the injurious effects of 




Figure 9. Schematic representation of the principal direct and indirect mechanisms of action with which 
PGPB affect plant growth. Source: Gupta et al. (409). 
4.2.1 - Direct mechanisms 
An improvement of nutrient availability and uptake for plants, is a common direct 
mechanism in consequence of PGPB plant inoculation (407), due to the capacity 
of these microorganisms to do solubilization of mineral nutrients (460), nitrogen 
fixation (461, 462), mineralization of organic compounds and phytohormone 
production (463, 464). Plant growth and productivity strongly depend on an 
essential element, nitrogen (N), and even if it represents the most abundant 
element in the atmosphere (78%), it is not available for plant uptake (164). Some 
microorganisms are able to fix atmospheric nitrogen to ammonia, a useful form 
for plants, using a specific bacterial enzyme named nitrogenase (384, 465). PGPB 
can supply fixed nitrogen to plants through two different relationships: one is 
symbiotic nitrogen fixation, and it is a mutualistic symbiosis between plant and 
bacteria whereby these latter penetrate inside the root and form nodules in which 
fixation of nitrogen takes place (387, 410, 466), as previously reported. Also free-
living diazotroph bacteria can promote plant growth, as it has been observed in 
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radish and rice, and in this case we are talking about non-symbiotic nitrogen 
fixation (124, 420, 467).  
Another key element for plants is phosphorus (P), formerly reported in the text, 
which takes place in most metabolic processes, like respiration, energy transfer, 
signal transduction, biosynthesis of macromolecules, photosynthesis (164, 468). 
However, the widely diffused form of P in nature is the insoluble form, that is 
not absorbed by plants (205, 469), because plants can uptake only the soluble 
form: monobasic (H2PO4) and dibasic (HPO4
2-) phosphate (164). In this outline, 
PGPB also have the capacity to solubilize phosphate, thus increasing 
bioavailability of this nutrient for plant uptake (387, 384, 460), as reported in a 
study on rice with several Pseudomonas species (470). The mechanisms used by 
PGPB to solubilize phosphate involve the secretion of compounds, such as proton 
hydroxyl ions, organic acid anions (471), that can dissolve insoluble phosphate 
(407, 469). It can be divided in biochemical mineralization of phosphate through 
releasing of extracellular enzymes, and biological mineralization of phosphate 
throughout substrate degradation (386, 472). Among different genera of bacteria 
there are phosphate solubilizers: Arthrobacter, Bacillus, Beijerinckia, 
Burkholderia, Enterobacter, Erwinia, Flavobacterium, Microbacterium, 
Pseudomonas, Rhizobium, Rhodococcus and Serratia (473). Furthermore, 
solubilization and mineralization of phosphate capability can be present in the 
same bacterial strain (407), and when these bacteria are co-inoculated with 
bacteria that have different physiological abilities, for instance nitrogen fixation, 
the positive effects are more evident (386, 474, 475).  
PGPB are also able to render available potassium (K), the third macro-element 
important for plant growth and development (409, 476). In general, it is 
immobilized into rocks and silicate minerals (477), and it is solubilized through 
the secretion of organic acids released from the bacteria (478, 479) belonging to 
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the genera Acidothiobacillus, Bacillus, Burkholderia, Paenibacillus sp. and 
Pseudomonas (476, 480). 
Bacteria have acquired specific mechanisms by which they can bind to iron, in 
order to survive in a limited iron supply environment, in molecules with lower 
mass (about 400-1500 Da) and high affinity toward ferric ion, named 
siderophores (481-483). Iron is an important micro-nutrient for all the organisms, 
even if it is broadly distributed in the whole earth, it is not easily assimilated by 
both plants and bacteria because of ferric ion (Fe3+), that is moderately soluble 
and thus poorly available for assimilation by the above-mentioned organisms 
(164, 484). Siderophores have been classified in three families, hydroxamates, 
catecholates and carboxylates, according to the presence of a specific functional 
group, leading to the identification of more than 500 diverse siderophore types 
(481, 485). They are involved in both direct and indirect benefits, as it will be 
later shown. The direct benefits are registered on plant growth as reported in 
several studies, in which plants, cultivated in a substrate with radiolabelled ferric-
siderophores as the only source of iron, were able to absorb the iron-marker 
(386); or when bean plants inoculated with a Pseudomonas strain that produced 
siderophores, were grown in a limiting condition of iron and they showed 
decreased chlorotic symptoms and a high chlorophyll concentration in 
comparison with uninoculated bean plants (486, 487); or in Arabidopsis thaliana 
plants, in which an improvement in iron concentration into tissues and in plant 
growth were observed, as a consequence of plant inoculation with P. fluorescens 
strain that produced iron-pyoverdine complex (488). Moreover, siderophores can 
reduce the injurious stress on plants related to heavy metal pollution in the soil 
(387, 489). Many genera of bacteria can produce siderophores, such as 
Aeromonas, Azadirachta, Azotobacter, Bacillus, Burkholderia, Pseudomonas, 
Rhizobium, Serratia and Streptomyces sp. (409). 
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PGPB can stimulate or influence plant cell proliferation, and thus plant growth, 
by the production of phytohormones, like auxins, cytokinins, gibberellins and 
ethylene (384, 482, 490). Auxin has a regulatory role in most plant development 
and growth processes (462, 491, 492), and the most famous and active form is 
indole-3-acetic acid (IAA) (493, 494), which is naturally present in plants 
influencing plant growth and development (495). About the 80% of soil bacteria 
can produce IAA near or inside the roots (496), and it has been proposed that, 
together with the endogenous IAA, plant growth could be significantly 
modulated  (497, 498). The plant can respond in a different way to IAA, 
according to the plant type and the involved tissue. The ideal IAA level in the 
root, for instance, is about five times lower than in the shoot in order to support 
plant growth (499), and the endogenous IAA of plant can change through the 
obtaining of IAA that is released by PGPB (386). If on the one hand, in the 
presence of low exogenous IAA levels the length of primary root increases, on 
the other hand high IAA levels lead to a decreased primary root elongation, 
improved formation of root hairs and lateral roots (494). It can also control 
vegetative growth, responses to light, gravity, fluorescence, pigment formation, 
biosynthesis of several metabolites, and resistance against stressful conditions 
(500, 501). Furthermore, bacterial IAA play an important role in the interactions 
between plant and bacteria, as reported in several studies in which an 
enhancement of auxin levels in plants was crucial for nodule development in 
roots colonized by most of all Rhizobium strains which have been observed to 
produce IAA (386, 502). The bacterial IAA is produced starting from tryptophan, 
usually located in the root exudates (503), the biosynthesis involves the indole-
3-pyruvic acid and indole-3-acetic aldehyde pathways in most of bacteria such 
as Pseudomonas, Agrobacterium, Enterobacter, Klebsiella, Rhizobium and 
Bradyrhizobium (504), and also by free-living bacteria like Acetobacter 
dizotrophicous, Alkaligenes faecalis, Enterobacter cloacae, Azospirillum sp., 
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Pseudomonas and Xanthomonas sp. that are all interrelated to low amount of 
released IAA (386, 409). 
Many PGPB, like Azotobacter sp., Bacillus subtilis, Paenobacillus agglomerans, 
Pantoea agglomerans, Pseudomonas fluorescens, Rhizobium sp., 
Rhodospirillum rubrum, can synthesise and release cytokinins and gibberellins, 
alone or both, that stimulate plant growth (462, 505-507). Gibberellins (GA) 
influence many processes in plants, such as seed germination (508), growth of 
leaf and stem (509), flowering, fruiting (384) and shoot elongation (510, 511), as 
reported in a study on tomato plants inoculated with a gibberellin-producing 
bacterium (512). Instead, cytokinins mainly affect plant cell division (513), 
development and differentiation of vascular cambium, root hair growth (514), but 
impede the growth of primary root and the development of lateral roots (515, 
516). Moreover, some phytopathogens can synthesize cytokinins too, but in 
higher levels than PGPB and, for this reason, the phytopathogens have an 
inhibitory effect on plant growth (386). 
Ethylene, another important plant hormone, has a regulatory role in the plant 
growth cycle, like leaf abscission, fruit ripening (462). When its concentration is 
high, it inhibits root and shoot growth leading to senescence (517) and, thus, to 
low crop productivity (409, 518). Ethylene is biosynthesized by plants from 1-
aminocyclopropane-1-carboxylate (ACC) in response to several stressful 
conditions, like drought, flooding, cold, pathogens and heavy metals (384). 
PGPB can degrade ACC, due to ACC deaminase enzyme, reducing the negative 
effects of high concentrations of ethylene in plants (519). So, in this way ACC 
deaminase bacterial strains can increase plant growth particularly under stressful 
conditions (87, 498). Different genera of bacteria show ACC deaminase activity, 
such as Azospirillum, Bacillus, Burkholderia, Enterobacter, Pseudomonas, 
Ralstonia, Serratia and Rhizobium (409), only to mention some of them. 
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4.2.2 - Indirect mechanisms 
Similarly to direct mechanisms, the indirect ones can lead to a better plant growth 
due to other PGPB capacities, such as antibiotic production, siderophores, 
volatile organic compound (VOC) production, hydrogen cyanide (HCN) or 
hydrolytic enzymes (520, 521). One of the major understood biocontrol 
mechanisms of PGPB against phytopathogens is antibiotic production (476). 
Many different antibiotics, such as amphisin, 2,4-diacetylphloroglucinol 
(DAPG), phenazine, oomycin A, tropolone, tensin, pyrrolnitrin, cyclic 
lipopeptides have been found in Pseudomonas genus (522), and others in 
Bacillus, Streptomyces and Strenotrophomonas genera, like xanthobaccin, 
oligomycin A, and kanosamine (523). These compounds are mainly effective 
against plant pathogens and, for instance, it has been reported that DAPG 
produced by Pseudomonas sp. reduces the disease related to the fungus 
Gaeumanomyces graminis in Triticum aestivum (524). Furthermore, some soil 
bacteria are also able to produce HCN, a volatile compound that can strongly 
contribute to biocontrol of pathogens, as reported in a study on tobacco plants 
attacked by Thielaviopsis basicola (525) or in another study on canker of tomato 
(526). VOCs released by PGPB, including several genera (Bacillus, 
Pseudomonas, Serratia, Arthrobacter and Stenotrophomonas) can significantly 
improve plant growth (384, 527) because they could operate like a biopesticides 
(528, 529). Some bacteria can directly destroy cell walls of pathogenic fungi, like 
Botrytis cinerea, Sclerotium rolfsii, Fusarium oxysporum, Phytophtora sp., 
Rhizoctonia solani, Pythium ultimum (530, 531) thanks to their ability to produce 
a wide range of enzymes, consisting of chitinases, cellulases, 𝛽𝛽-1,3 glucanases, 
proteases, lipases (532). Recently, it has been observed that the use of a multi-
strain inoculum was more effective to protect plants from pathogen infection, due 
to the synergistic effects of the used PGPB strains (533). In fact, in the absence 
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of sufficient amounts of available iron, fungal pathogens cannot survive (386). 
So since PGPB siderophores have a higher affinity toward iron, in comparison to 
phytopathogens (534), the latter are unable to proliferate owing to iron lack (516, 
535). On the other side, plant growth is not negatively influenced by iron lack in 
the soil due to PGPB siderophores, probably because plants can grow at a lower 
iron concentration compared to microorganisms (164) and, moreover, they can 
utilize PGPB siderophores as an iron source (536). 
Another indirect PGPB-related mechanism that positively influences plant 
growth is the activation of the Induced Systemic Resistance (ISR), generally 
defined as “a physiological state of enhanced defensive capacity elicited in 
response to specific environmental stimuli and consequently the plant’s innate 
defences are potentiated against subsequent biotic challenges” (521). A 
significant damage reduction in plants attacked by fungal, bacterial and viral 
infections or by insects and nematodes, in the presence of PGPB has been 
observed (537). Some studies underlined that this resistance probably involves 
plant endogenous ethylene and jasmonate, that activate defence responses against 
many several plant pathogens (386, 462). Moreover, different bacterial 
components elicited the ISR, like siderophores, DAPG, homoserine lactones, 
acetoin, flagellar proteins, lipopolysaccharides (LPS) and cyclic lipopeptides, 
pyoverdine, chitin, and salicylic acid (538). Instead, components as exo-
polysaccharides (EPS) can form a biofilm surface, mainly on the roots, protecting 
them against stress like desiccation (539), or plant defensive response to 
microbes (540). The former polysaccharides are produced by several PGPB, and 
are important as signal molecules (541), or in binding sodium cations (Na+) into 
salinity stress conditions (482). Despite the above discussed mechanisms through 
which PGPB ameliorate plant growth, few reports have been attempted to explain 
the different effects of PGPB on plant growth, probably these organisms could 
be highly specific to plant genotypes, cultivars and species and/or influenced by 
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temperature, water content, oxygen, pH, soil and environmental conditions (418, 
483, 542). It has been hypothesised that this specificity could be due to the 
components of root exudates (sugars, defence compounds, amino acids, vitamins 
and organic acids) which can either up- or downregulate the expression of useful 
bacterial gene (543, 544). So, both PGPB and plant mutually regulated the release 
of bioactive compounds: PGPB secretions can promote plant growth and plant 
exudates can drive growth, colonization and gene expression of PGPB (483).  
4.3 - Effects of PGPB on plant metabolism 
It is well known that secondary plant metabolism can be modulated by PGPB 
inoculation (545-547), even if the precisely involved mechanisms are not 
completely understood. Plant benefits, which have been previously reported in 
the text, are related to these microbes through direct and indirect mechanisms of 
action and that they can also elicit the ISR (458). Therefore, microbial 
colonization of plant tissues (internal or external) can induce plant metabolism 
shifts (547). Many PGPB (such as Azospirillum, Bacillus, Pseudomonas and 
Streptomyces spp.) have been largely studied and reported to have the potential 
to modulate plant secondary metabolite production (412). In many works, several 
species of these genera influenced phenolic compound production in different 
plants (548, 549). In Jain et al. (550), pea plants inoculated with Pseudomonas 
aeruginosa and Bacillus subtilis showed a significant higher content of gallic acid 
and other phenolics, and were more resistant to the same plant pathogen, if 
compared to control plants; furthermore, leaf flavonols (myricitin, quercetin, 
kaempferol) were subjected to an increased production only when pea plants 
were treated with both bacteria, and the same results were observed for salicylic 
acid (SA) content in the shoot. In other studies, the SA concentration significantly 
decreased in tomato plants inoculated with Streptomyces lydicus (551), 
highlighting that different bacterial strains can give rise to different plant 
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metabolic changes. Variations in plant phenolic compound composition and 
concentration could be related to specific plant-PGPB interactions, as reported in 
some studies on rice plants inoculated with Rhizobium (552) or Azospirillum 
(450), on maize plants inoculated with Azospirillum (548), and on grapevine 
colonized by endophytic bacteria (553). For instance, in rice plants inoculated 
with a specific Azospirillum strain, glycosylated flavone levels increased in the 
shoot of two different cultivars, whereas the same rice plants inoculated with 
another Azospirillum strain did not show any variations in the glycosylated 
flavone content (450). On the other side, only one rice cultivar showed a lowered 
content of feruloylquinic acid in the root when inoculated with the two different 
Azospirillum strains; this example highlights that changes in flavonoid content 
were related to the combinations of bacterial strain and plant cultivars (450). 
Modulations in the hydroxamic acids (benzoxazinoid contents) were also 
reported according to the combination of bacteria and plant host (458), as 
observed in experiments in which maize plants inoculated with one strain of 
Azospirillum brasilense had enriched in aglycone, while those inoculated with 
another A. brasilense strain had high content of glycosylated form of a typical 
benzoxazinoid of maize plant  (548). Moreover, when plants were co-inoculated 
with different PGPB species, a marked increase in benzoxazinoid content has 
been noticed (554, 555). However, the exact components and plant target of 
microorganism elicitors are still unknown, and their identification could be 
crucial in order to trigger plant metabolism (412, 527). 
Also alkaloid compound production can be modulated by PGPB: these 
substances are present in many families of plant (about 300; 556), but they are 
often related to a specific taxonomic group, as exemplified by steroidal 
glycoalkaloids in Solanaceae family (557). Instead in Fabaceae family, precisely 
in Crotolaria sp., plants are stimulated to increase pyrrolizidine alkaloids, a 
chemical defence against herbivores, when nodulated hereafter symbiotic 
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interaction with Bradyrhizobium and Methylobacterium genera, that belong to 
nitrogen-fixing bacteria (558). 
Terpenes are another important and most diffused group of plant metabolites 
playing many roles in plant life, from defence to communication (556). In 
Banchio et al. (559) plants of oregano inoculated with P. fluorescens and A. 
brasilense showed an increased production of plant monoterpenes in the shoot, 
such as carvacrol, thymol, 𝛾-terpinene and sabine hydrate. It has been later 
discovered that bacteria related to these two strains were capable to induce the 
expression of terpene plant synthase, driving to the accumulation of 
sesquiterpenes in the roots, and the same PGPB used these compounds as source 
of carbon metabolizing them into other ones (458). However, PGPB inoculation 
can have positive effects also on the fruit quality as a consequence of 
anthocyanin, chlorophyll, carotenoid, and vitamin enhancement, as reported in 
many studies on different crops (253, 328, 339, 352, 457); in general leading to 
an increase in antioxidant compounds as observed also in Pisum sativum (560), 
Stevia rebaudiana (561), Glycine max (545) and Spinacia oleracea (546). In a 
study on Ocimum basilicum, inoculation with Bacillus subtilis increased terpene 
accumulation (562), and many works showed that PGPB can increase secondary 
metabolite concentrations in planta determining a higher quality of plant material 
(563). In del Rosario Cappellari et al. (456), marigold (Tagetes minuta) plants 
inoculated with A. brasilense and/or P. fluorescens had different profiles of 
essential oil components, such as limonene, linalool, humulene, tagetone, 
ocimenone and β-ocimene, in the shoot. Banchio et al. (564) showed that plants 
of Origanum majorana inoculated with P. fluorescens or Bradyrhizobium had a 
higher total yield of essential oil compared to the control plants, probably due to 
an increased terpene biosynthesis. In another study, on Anethum graveolens, 
plants inoculated with Pseudomonas putida showed a higher content of carvone 
and a lower content of limonene, if compared with non-inoculated plants (565). 
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Regarding A. annua plants, a few studies have investigated the effects of PGPB 
on plant metabolism, particularly about artemisinin production (23, 25, 26, 459). 
In Awasthi et al. (23) inoculation with Bacillus subtilis and Stenotrophomonas 
spp. did not lead to an increase in artemisinin content in percentage, whereas 
significant differences were reported in artemisinin yield (grams per pot) in 
comparison to control plants. In other studies performed by Arora et al. (25, 26), 
a significant enhancement of artemisinin content in plants inoculated with A. 
chroococcum was reported, in comparison to control plants, also in presence of 
salinity stress (50-200 mM NaCl; 459). In some cases, the use of a consortium of 
bacteria is more effective to stimulate plant metabolism (566), as well as it is 
demonstrated in experiments on Catharanthus roseus inoculated with 
Azospirillum brasilense and Pseudomonas fluorescens (567), Withania 
somnifera inoculated with Azospirillum, Azotobacter chroococcum, 
Pseudomonas fluorescens and Bacillus megaterium (568); but also the combined 
use of PGPB and AMF is a good solution in order to trigger plant secondary 
metabolism (23, 418, 459, 569, 570).  
4.4 - Mycorrhiza Helper Bacteria (MHB) 
The belowground of plants is an environment where different organisms can 
interact with each other, so roots constantly interact with fungi and bacteria (571, 
572). Mycorrhizosphere is defined as “the soil area influenced by the mycorrhizal 
roots and peripheral fungal mycelium” (573). However, some bacterial groups 
live in this area and they are able to stimulate mycorrhizal growth and 
development (29, 574), for this reason they are named Mycorrhiza Helper 
Bacteria (MHB; 575, 576). They belong to different phyla  such as Actinobacteria 
(Strepromyces genus), Firmicutes (mostly Bacilllus and Paenibacillus genera) 
and Proteobacteria (Azospirillum, Azotobacter, Bradyrhizobium, Burkholderia, 
Klebsiella, Pseudomonas, and Rhizobium genera; 572, 577). Moreover, some 
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MHB are classified as PGPB, like several species of Azospirillum, Bacillus and 
Pseudomonas genera (578-580), but the great similarity between the species 
present in the same group makes it difficult to do a certain classification (581). 
Data on fossil records demonstrate that mycorrhizal symbiosis developed about 
450 million years ago (582), but the discovery of bacteria involved in mycorrhizal 
symbiosis takes place from the observation that fumigation with methyl bromide 
improved or reduced infection of Pinus radiata by Rhizopogon luteolus 
according to different soil types (583). Later, several studies documented the 
capacity of bacteria to stimulate mycorrhiza formation in different plants, as in 
Fagus sylvatica in the presence of Pisolithus tinctorius (584) and Hebeloma 
crustuliniforme (585). Thus, it was consequently supposed that some helper 
bacteria adapted to live in a mutualistic relationship with fungi, so they probably 
were more abundant near the fungus, and they were isolated from Pinus radiata 
root system colonized by Rhizopogon luteolus (586). 
MHB could stimulate mycorrhizal development during different stages of the 
root-fungus-bacteria interaction (576, 587, 588), always considered that 
mycorrhizal symbiosis is also influenced by fungus physiology, plant root 
susceptibility, biotic and abiotic factors (589). Several of these bacteria are able 
to influence mycorrhiza in many ways: influencing mycorrhizal symbiosis 
formation (590), modulating spore germination (591) and hyphal development 
(572), reducing negative environmental conditions (592), improving nutrient 
availability in the soil (576), and providing mycorrhizal nutrition (407). They can 
also be involved in the production of many compounds that stimulate root 
exudate release by plants, thus enhancing hyphal activity and root colonization 
by mycorrhizal fungi (593, 594). Secondary metabolites of MHB can trigger 
fungal spore germination leading to a fast mycelium elongation (595-597), as 
reported in a study in which F. mosseae hyphae development was faster in the 
presence of P. fluorescens (598). This growth effect has been attributed to many 
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metabolites like plant regulators or vitamins, for example IAA can promote AM 
symbiosis until a threshold concentration because this hormone inhibit hyphal 
growth at higher concentrations (599, 600). On the other hand, no effects of 
different IAA levels on Rhizophagus intraradices growth were observed, while 
Paenibacillus sp., that produces IAA, promoted hyphal growth of the same 
fungus (596), underlining that the interaction between the two partners may be 
not only due to the hormone production by bacteria (601, 602). AMF sporulation 
is a crucial phase in mycorrhizal plant development (603), and some bacteria 
could have a positive effect on this phenomenon, as observed in different 
indigenous AMF species in the presence of Methylobacterium oryzae on 
Capsicum annuum (604) or in Glomus aggregatum with Bacillus polymyxa in 
Cymbogon martini (605). 
Other studies highlight the existence and the crucial role of compatibility and 
specificity of the interaction between bacteria and mycorrhizal fungi for having 
positive effects on fungal growth and sporulation (606-608). Also mycorrhizal 
colonization can be promoted (609, 610), as reported in Pivato et al. (598) in 
which P. fluorescens increased F. mosseae root colonization. In other 
experiments, it has been lighted the presence of molecules (flavonoids and Nod 
factors) interfering between mycorrhizal fungi and plant root communication, 
probably acting as fungal growth regulators, and hence leading to an 
improvement of mycorrhizal colonization in plant root (609, 611). Some of these 
compounds as reported to be gasses (612-614), one of them has been identified 
and named “auxofuran”, according to its auxin-like chemical structure (615). 
Moreover, it was identified a set of genes involved in the priming helper effect 
of bacteria on growth of its fungal partner (577, 616). Interestingly, some bacteria 
also have the capacity to inject effector proteins into eukaryotic cells of their 
partner by a syringe-like system named T3SS (617), but the types of bacterium 
effectors and the injection mode are still unknown. Nevertheless, mycorrhizal 
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fungi can produce toxic molecules to stop competitors, therefore bacteria are able 
to detoxify these fungal compounds (618, 619). 
Another mechanism studied in MHB is their capacity to stimulate lateral root 
formation thanks to the production of auxin-like molecules, that can increase the 
number of sites where root-fungus interaction takes place (600, 614, 620), 
indirectly stimulating a higher mycorrhizal colonization. However, in some cases 
a helper bacterial strain can promote growth of either first or second order 
mycorrhizal roots, whereas another helper strain of the same fungus can only 
stimulate second order mycorrhizal root formation (600, 621), thus underlining 
that different helper strains could develop different traits even on the same fungus 
(618, 622, 623). Moreover, in an experiment with Laccaria bicolor co-cultivated 
with MHB strains, differences in the branching angles and hyphal density of apex 
were observed (616). In accordance with what has been before-mentioned, 
bacteria interact with plant roots earlier than fungi, thus MHB would release 
enzymes that digest root cell wall making infiltration points facilitating the extent 
of fungal hyphae inside the root tissue, as reported in a study with Azospirillum 
brasilense (572, 624). MHB also provide nutrient uptake to the fungus, such as 
nitrogen and solubilization of phosphate or iron (618). Furthermore, it has been 
hypothesised an increase in the mycobiont aggressiveness due to an enhancement 
of a phenolic fungal compound (hypaphorine) caused by MHB (625). 
Physical contact with bacteria, for both roots and fungi, is crucial to carry on the 
stimulatory effect (587, 626). Metagenomic methods helped to find several 
bacteria associated with mycorrhizae (627), in some cases they highlight the 
presence of many unculturable bacteria, and that some culturable bacteria were 
modulators of plant symbiosis (628). Deveau et al. (629) sequenced the whole 
Pseudomonas fluorescens genome (strain BBc6R8) and data revealed that 
bacteria produce helper molecules in a constitutive manner; then, helper effect 
could be pleiotropic depending on trophic interactions (630, 631). Looking 
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among overexpressed genes of AMF toward MHB, tecnonin genes have sparked 
interest because they are well conserved, linked to organismic interactions, and 
associated to innate immunity (632). Tecnonins are a family of proteins (lectins), 
that could play a key role in the physical interaction, and hence in the recognition, 
between bacteria and fungus (629). Returning to the physical contact, in a work 
of Toljander et al. (633) it was noticed that different bacterial strains differed in 
their ability to attach on hyphae. It was proposed a mechanism made up of two 
steps: the first, consisting of a weak bind due to electrostatic attraction; the 
second is in relation to cellulose or bacterial polymer production (634). 
In many studies, co-inoculation with bacteria and mycorrhizal fungi has been 
demonstrated very effective to modulate plant productivity and metabolism (25, 
253, 339, 352, 609), as reported for instance in Thymus daenensis plants co-
inoculated with F. mosseae and Bacillus subtilis (635) or in A. annua plants co-
inoculated with three different AMF and two different bacteria (23), only to 
mention some of these studies. Usually, three major genera of bacteria are 
considered MHB: Pseudomonas, Bacillus and Streptomyces, as previously 
mentioned; some can have a positive effect, while other can have negative or 
neutral effect on the fungus (576, 592). Behind the bacterial genus, if bacterium 
has a positive, neutral or negative influence on mycorrhizal symbiosis, it is a 
consequence of its physiology and biochemistry (636). Co-inoculation with 
Glomus deserticola and Azospirillum brasilense in pepper plants, grown in poor 
soil conditions, resulted in a bigger plant size, in an improvement of nutrient 
uptake and in the production of more fruits, in comparison to plants non-
inoculated or inoculated with one microorganism only (637). This fact 
demonstrates how the synergism between microorganisms can lead to a better 
plant growth. In several experiments performed on cucumber plants and 
Gigaspora rosea interactions, it has been registered that a specific strain of 
Pseudomonas (UW4) helped the root colonization of the fungus (638). Another 
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instance of synergism has been showed in tomato plants grown at reduced 
fertilization, in which plants restored plant productivity at levels comparable with 
those grown at optimal fertilization level, when inoculated with five different AM 
strains and one PGPB strain (639), also ameliorating sucrose fruit content and, 
hence, fruit quality (253). So, in addition to the improvement of crop productivity 
in mycorrhizal plants, MHB can also influence fruit quality through variations in 
secondary metabolites, as reported in studies on strawberry plants in which both 
AMF and MHB presence strongly increased the anthocyanin concentrations 




















1. Koul B., Taak P., Kumar A., Khatri T., Sanyal I. (2017). The Artemisia Genus: A 
Review on Traditional Uses, Phytochemical Constituents, Pharmacological Properties 
and Germplasm Conservation. J Glycomics Lipidomics 7: 142. 
2. Nigam M., Atanassova M., Mishra A. P., Pezzani R., Devkota H. P., Plygun S., Salehi 
B., William N. Setzer W. N., and Sharifi-Rad J. (2019). Bioactive Compounds and 
Health Benefits of Artemisia Species. Natural Product Communications. 
3. Pignatti S. (1982). Flora d’Italia. Edagricole, Bologna. 
4. Sihua H. (2018). Chapter 2 - Agronomics and Biology of Artemisia annua L. In: 
Artemisinin-Based and Other Antimalarials. Guoqiao L., Ying L., Zelin L., Meiyi Z. 
(eds). Academic Press, 69-128, DOI: 10.1016/B978-0-12-813133-6.00002-0 
5. Bora K. S. & Sharma A. (2011). The Genus Artemisia: A Comprehensive Review, 
Pharmaceutical Biology, 49(1): 101-109. 
6. Martínez M. J. A., Del Olmo L. M. B., Ticona L. A., Benito P. B. (2012). Chapter 2 - 
The Artemisia L. Genus: A Review of Bioactive Sesquiterpene Lactones, Editor(s):  
Atta-ur-Rahman, Studies in: Natural Products Chemistry. Elsevier, Volume 37, Pages 
43-65, ISSN 1572-5995, ISBN 9780444595140. 




8. WHO (World Health Organization). (2018). World malaria report 2018, ISBN 978-92-
4-156565-3. www.who.int/malaria/publications/world-malaria-report 2018/report/en/ 
9. Cowman A. F., Healer J., Marapana D., Marsh K. (2016). Malaria: Biology and 
Disease. Cell, Volume 167, Issue 3, Pages 610-624, ISSN 0092-8674. 
10. Sturm A., Amino R., van de Sand C., Regen T., Retzlaff S., Rennenberg A., Krueger 
A., Pollok J. M., Menard R., Heussler V. T. (2006). Manipulation of host hepatocytes 
by the malaria parasite for delivery into liver sinusoids. Science, 313, 1287–1290. 
58 
 
11. Carrà A., Bagnati R., Fanelli R., Bonati M. (2014). Fast and reliable artemisinin 
determination from different Artemisia annua leaves based alimentary products by 
high performance liquid chromatography–tandem mass spectrometry. Food Chemistry 
142: 114– 120. 
12. WHO (World Health Organization). (2006). WHO monograph on good agricultural 
and collection practices (GACP) for Artemisia annua L., WHO Geneva. 
https://www.who.int/malaria/publications/atoz/9241594438/en/ 
13. Blasco B., Leroy D., Fidock D.A. (2017). Antimalarial drug resistance: linking 
Plasmodium falciparum parasite biology to the clinic. Nature medicine, 23(8):917-928. 
14. Yakasai A. M., Hamza M., Dalhat M. M. (2015). Adherence to artemisinin-based 
combination therapy for the treatment of uncomplicated malaria: a systematic review 
and meta-analysis. J Trop Med. 2015: 189232. DOI: 10.1155/2015/189232 
15. Tu Y. (2016). Artemisinin – A Gift from Traditional Chinese Medicine to the World 
(Nobel Lecture). Angewandte Chemie International Edition, 55, 10210 – 10226, 
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
16. Kindermans J. M., Pilloy J., Olliaro P., Gomes M. (2007). Ensuring sustained ACT 
production and reliable artemisinin supply. Malaria Journal 6: 125–130. 
17. Garcia L. C. (2015). A Review of Artemisia annua L.: Its Genetics, Biochemical 
Characteristics, and Anti-Malarial Efficacy. International Journal of Science and 
Technology, 5(2): 38-46. 
18. Pulice G., Pelaz S. and Matías-Hernández L. (2016). Molecular Farming in Artemisia 
annua, a Promising Approach to Improve Anti-malarial Drug Production. Front. Plant 
Sci. 7:329. 
19. Kapoor R., Chaudhary V., Bhatnagar A.K. (2007). Effects of arbuscular mycorrhiza 
and phosphorus application on artemisinin concentration in Artemisia annua L. 
Mycorrhiza 17:581–587. 
20. Chaudhary V., Kapoor R., Bhatnagar AK. (2008). Effectiveness of two arbuscular 
mycorrhizal fungi on concentrations of essential oil and artemisinin in three accessions 
of Artemisia annua L. Appl Soil Ecol 40: 174–181. 
59 
 
21. Davies M. J., Atkinson C. J., Burns C., Woolley J. G., Hipps N. A., Arroo R. R. J., 
Dungey N., Robinson T., Brown P., Flockart I., Hill C., Smith L., Bentley S. (2009). 
Enhancement of artemisinin concentration and yield in response to optimization of 
nitrogen and potassium supply to Artemisia annua. Annals of Botany 104: 315–323. 
22. Aftab T., Masroor M., Khan A., Idrees M., Naeem M., Moinuddin. (2010). Salicylic 
acid acts as potent enhancer of growth, photosynthesis and artemisinin production 
in Artemisia annua L.. J. Crop Sci. Biotechnol. 13, 183–188. 
23. Awasthi A., Bharti N., Nair P., Singh R., Shukla A. K., Gupta M. M., Darokar M. P., 
Kalra A. (2011). Synergistic effect of Glomus mosseae and nitrogen fixing Bacillus 
subtilis strain Daz26 on artemisinin content in Artemisia annua L. Appl Soil Ecol 49: 
125–130. 
24. Mandal S., Upadhyay S., Wajid S., Ram M., Jain D. C., Singh V. P., Abdin M. Z., 
Kapoor R. (2014). Arbuscular mycorrhiza increase artemisinin accumulation in 
Artemisia annua by higher expression of key biosynthesis genes via enhanced jasmonic 
acid levels. Mycorrhiza; 25(5): 345-57. 
25. Arora M., Saxena P., Choudhary D. K., Abdin M. Z., Varma A. (2016). Dual symbiosis 
between Piriformospora indica and Azotobacter chroococcum enhances the 
artemisinin content in Artemisia annua L. World Journal Microbiology Biotechnology, 
32: 19. 
26. Arora M., Saxena P., Abdin M. Z. & Varma A. (2018). Interaction 
between Piriformospora indica and Azotobacter chroococcum governs better plant 
physiological and biochemical parameters in Artemisia annua L. plants grown under 
in vitro conditions. Symbiosis 75: 103–112. 
27. Gupta R., Singh A., Gupta M. M., Pandey R. (2016). Cumulative role of bioinoculants 
on growth, antioxidant potential and artemisinin content in Artemisia annua L: under 
organic field condition. World J Microbiol Biotechnol, 32:167. 
28. Darwati I., Manohara D., Rohimatun, and Nurhayati H. (2017). The application of 
biotic elicitor on Artemisia annua L. to increase artemisinin content. IOP Conf. Series: 
Earth and Environmental Science 102, 012013. 
60 
 
29. Kumar A., Singh D. R., Lata S., Johri, R M. (2017). Effect of arbuscular mycorrhizal 
fungi on plant growth, essential oil and Artemisinin content of Artemisia annua L. 
International Journal of Pharmacology and Biological Sciences; 11 (1): 33-44. 
30. Domokos E., Jakab-Farkas L., Darkó B., Bíró-Janka B., Mara G., Albert C., and Balog 
A. (2018). Increase in Artemisia annua Plant Biomass Artemisinin Content and 
Guaiacol Peroxidase Activity Using the Arbuscular Mycorrhizal Fungus Rhizophagus 
irregularis. Front. Plant Sci. 9:478. DOI: 10.3389/fpls.2018.00478 
31. Domokos E., Bíró-Janka B., Bálint J., Molnár K., Fazakas C., Jakab-Farkas L., 
Domokos J., Albert C., Mara G., Balog A. (2020). Arbuscular Mycorrhizal 
Fungus Rhizophagus irregularis Influences Artemisia annua Plant Parameters and 
Artemisinin Content under Different Soil Types and Cultivation 
Methods. Microorganisms 8(6):899. DOI: 10.3390/microorganisms8060899 
32. Namuli A., Bazira J., Casim T. U. & Engeu O. P. (2018). A review of various efforts 
to increase artemisinin and other antimalarial compounds in Artemisia Annua L 
plant. Cogent Biology 4: 1. DOI: 10.1080/23312025.2018.1513312 
33. Wang J. W., Zhang Z., Tan R. X. (2001). Stimulation of artemisinin production in 
Artemisia annua hairy roots by the elicitor from the endophytic Colletotrichum sp. 
Biotechnol Lett 23: 857–860. 
34. Ro D. K., Paradise E. M., Ouellet M., Fisher K. J., Newman K. L., Ndungu J. M., Ho 
K. A., Eachus R. A., Ham T. S., Kirby J., Chang M. C. Y., Withers S. T., Shiba Y., 
Sarpong R., Keasling J. D. (2006). Production of the antimalarial drug precursor 
artemisinic acid in engineered yeast. Nature 440: 940–943. 
35. Durante M., Caretto S., Quarta A., De Paolis A., Nisi R. & Mita G. (2011). Beta-
Cyclodextrins enhance artemisinin production in Artemisia annua suspension cell 
cultures. Appl Microbiol Biotechnol 90: 1905–1913. 
36. Ikram N. K. B. K., and Simonsen H. T. (2017). A review of biotechnological 
artemisinin production in plants. Front. Plant Sci. 8: 1966. 
37. Efferth T. (2017). From ancient herb to modern drug: Artemisia annua and artemisinin 
for cancer therapy. In Seminars in cancer biology, Academic Press: 46: 65-83.  
61 
 
38. Klayman D. L. (1985). Qinghaosu (artemisinin): an antimalarial drug from China. 
Science, 228 (4703): 1049–1055. 
39. Denisov E., Denisova T., Ismail F. (2005). Intramolecular reactions of free radicals 
formed from artemisinin. International Journal of Chemical Kinetics 37: 554–565. 
40. Guo Z. (2016). Artemisinin anti-malarial drugs in China, Acta Pharmaceutica Sinica 
B 6(2): 115-124. DOI: 10.1016/j.apsb.2016.01.008 
41. Olsson M. E., Olofsson L. M., Lindahl A. L., Lundgren A., Brodelius M., Brodelius P. 
E. (2009). Localization of enzymes of artemisinin biosynthesis to the apical cells of 
glandular secretory trichomes of Artemisia annua L. Phytochemistry 70(9): 1123-1128. 
DOI: 10.1016/j.phytochem.2009.07.009. 
42. Davies M. J., Atkinson C. J., Burns C. Arroo R., Woolley J. (2011). Increases in leaf 
artemisinin concentration in Artemisia annua in response to the application of 
phosphorus and boron. Industrial Crops and Products 34: 1465– 1473. 
43. Xiao L., Tan H. & Zhang L. (2016). Artemisia annua glandular secretory trichomes: 
the biofactory of antimalarial agent artemisinin. Sci. Bull. 61: 26–36.  
44. Wang J., Xu C., Wong Y. K., Li Y., Liao F., Jiang T, Tu Y. (2019). Artemisinin, the 
Magic Drug Discovered from Traditional Chinese Medicine. Engineering 5(1): 32-39. 
DOI: 10.1016/j.eng.2018.11.011 
45. Wang S., Towler M. J., Weathers P. J. (2016). Root regulation of artemisinin 
production in Artemisia annua: trichome and metabolite evidence. Planta 244(5): 999-
1010. DOI: 10.1007/s00425-016-2560-0 
46. Covello P. S., Teo K. H., Polichuk D. R., Reed D. W., Nowak G. (2007). Functional 
genomics and the biosynthesis of artemisinin. Phytochemistry 68: 1864–1871. 
47. Towler M. J., Weathers P. J. (2007). Evidence of artemisinin production from IPP 
stemming from both the mevalonate and the nonmevalonate pathways. Plant cell 
reports 26(12): 2129-2136. 
48. Olofsson L., Engström A., Lundgren A., Brodelius E. P. (2011). Relative expression 
of genes of terpene metabolism in different tissues of Artemisia annua L. BMC Plant 
Biology 11: 45. 
62 
 
49. Towler M. J., Weathers P. J. (2015). Variations in key artemisinic and other 
metabolites throughout plant development in Artemisia annua L. for potential 
therapeutic use. Industrial Crops and Products 67: 185-191. DOI: 
10.1016/j.indcrop.2015.01.007 
50. Schramek N., Wang H., Römisch-Margl W., Keil B., Radykewicz T., Winzenhörlein 
B., Beerhues L., Bacher A., Rohdich F., Gershenzon J., Liu B., Eisenreich W. (2010). 
Artemisinin biosynthesis in growing plants of Artemisia annua. A 13CO2 
study. Phytochemistry 71(2-3): 179-187. DOI: 10.1016/j.phytochem.2009.10.015 
51. Wallaart T. E., Bouwmeester H. J., Hille J.; Poppinga L., Maijers N. C. A. (2001). 
Amorpha-4, 11-diene synthase: cloning and functional expression of a key enzyme in 
the biosynthetic pathway of the novel antimalarial drug artemisinin. Planta 212: 460– 
465. 
52. Bertea C. M., Freije J. R., van der Woude H., Verstappen F. W .A., Perk L., Marquez 
V., De Kraker J. W., Posthumus M. A., Jansen B. J. M., de Groot A., Franssen M. C. 
R., Bouwmeester H. J. (2005). Identification of intermediates and enzymes involved in 
early steps of artemisinin biosynthesis in Artemisia annua. Planta Med. 71: 40-47. 
53. Brown G. D. (2010). The biosynthesis of artemisinin (Qinghaosu) and the 
phytochemistry of Artemisia annua L. (Qinghao). Molecules 15(11): 7603-7698. 
DOI:10.3390/molecules15117603 
54. Teoh K. H., Polichuk D. R., Reed D. W., Nowak G., Covello P. S. (2006). Artemisia 
annua L. (Asteraceae) trichome-specific cDNAs reveal CYP71AV1, a cytochrome 
P450 with a key role in the biosynthesis of the antimalarial sesquiterpene lactone 
artemisinin. FEBS Lett. 580: 1411–1416. 
55. Nguyen T. K., Arsenault R. P., Weathers J. P. (2011). Trichomes + roots + ROS = 
artemisinin: regulating artemisinin biosynthesis in Artemisia annua L. In Vitro Cell. 
Dev. Biol.—Plant 47: 329–338. DOI 10.1007/s11627-011-9343-x 
56. Teoh K. H., Polichuk D. R., Reed D. W., Covello P. S. (2009). Molecular cloning of 
an aldehyde dehydrogenase implicated in artemisinin biosynthesis in Artemisia 
annua. Botany 87(6): 635-642. DOI: 10.1139/B09-032 
63 
 
57. Dhingra V., Narasu M. L. (2001). Purification and characterization of an enzyme 
involved in biochemical transformation of arteannuin B to artemisinin from Artemisia 
annua. Biochem. Biophys. Res. Commun. 281: 558–561. 
58. Covello P. S. (2008). Making artemisinin. Phytochemistry 69(17): 2881-2885. DOI: 
10.1016/j.phytochem.2008.10.001 
59. Zhang Y., Teoh K. H., Reed D. W., Maes L., Goossens A., Olson D. J., Ross A. R. S., 
Covello P. S. (2008). The molecular cloning of artemisinic aldehyde Δ11 (13) 
reductase and its role in glandular trichome-dependent biosynthesis of artemisinin in 
Artemisia annua. Journal of Biological Chemistry 283(31): 21501-21508. DOI: 
10.1074/jbc.M803090200 
60. Brown G.D., Sy L. K. (2007). In vivo transformations of artemisinic acid in Artemisia 
annua plants. Tetrahedron 63: 9548-9566. 
61. Sharifi-Rad J., Sureda A., Tenore G. C., Daglia M., Sharifi-Rad M., Valussi M., Tundis 
R., Sharifi-Rad M., Loizzo M. R., Ademiluyi A. O., Sharifi-Rad R., Ayatollahi S. A., 
Iriti M. (2017). Biological Activities of Essential Oils: From Plant Chemoecology to 
Traditional Healing Systems. Molecules 22(1): 70. DOI: 10.3390/molecules22010070 
62. Bilia A. R., Santomauro F., Sacco C., Bergonzi M. C., Donato R. (2014). Essential oil 
of Artemisia annua L.: an extraordinary component with numerous antimicrobial 
properties. Evidence-based complementary and alternative medicine. 
vol. 2014, Article ID 159819. DOI: 10.1155/2014/159819 
63. Malik A. A., Ahmad J., Mir S. R., Ali M., Abdin M.Z. (2009). Influence of chemical 
and biological treatments on volatile oil composition of Artemisia annua Linn. 
Industrial crops and Products 30, 380-383. DOI: 10.1016/j.indcrop.2009.07.006 
64. Radulović N. S., Randjelović P. J., Stojanović N. M., Blagojević P. D., Stojanović-
Radić Z. Z., Ilić I. R., Djordjević, V. B. (2013). Toxic essential oils. Part II: Chemical, 
toxicological, pharmacological and microbiological profiles of Artemisia annua L. 
volatiles. Food and Chemical Toxicology 58: 37-49. DOI : 10.1016/j.fct.2013.04.016 
65. Vidic D.,  Čopra-Janićijević A., Miloš M., and  Maksimović M. (2018). Effects of 
Different Methods of Isolation on Volatile Composition of Artemisia annua L. 
64 
 
International Journal of Analytical Chemistry 2018: 9604183. DOI: 
10.1155/2018/9604183 
66. Goel D., Goel R., Singh V., Ali M., Mallavarapu G. R., and Kumar S. (2007) 
Composition of the essential oil from the root of Artemisia annua. Journal of Natural 
Medicines 61(4): 458–461. 
67. Juteau F., Masotti V., Bessiere J. M., Dherbomez M., and Viano J. (2002). 
Antibacterial and antioxidant activities of Artemisia annua essential oil. Fitoterapia 
73(6): 532–535. 
68. Verdian-Rizi M. R., Sadat-Ebrahimi E., Hadjiakhoondi A., Fazeli M. R., and Pirali 
Hamedani M. (2008). Chemical composition and antimicrobial activity of Artemisia 
annua L. essential oil from Iran. Journal of Medicinal Plants 7(4): 58–62. 
69. Ćavar S., Maksimović M., Vidic D., Parić A. (2012). Chemical composition and 
antioxidant and antimicrobial activity of essential oil of Artemisia annua L. from 
Bosnia. Industrial Crops and Products 37(1): 479-485. DOI: 
10.1016/j.indcrop.2011.07.024 
70. Alejos-Gonzalez F., Qu G., Zhou L., Saravitz C. H., Shurtleff J. L., & Xie D. (2011). 
Characterization of development and artemisinin biosynthesis in self-
pollinated Artemisia annua plants. Planta 234: 685–697. DOI: 10.1007/s00425-011-
1430-z 
71. Graham I. A., Besser K., Blumer S., Braniga C. A., Czechowski T., Elias L., Guterman 
I., Harvey D., Isaac P. G., Khan A. M., Larson T. R., Li Y., Pawson T., Penfield T., 
Rae A. M., Rathbone D. A., Reid S., Ross J., Smallwood M. F., Segura V., Townsend 
T., Vyas D., Winzer T., Bowles D. (2010). The genetic map of Artemisia annua L. 
identifies loci affecting yield of the antimalarial drug artemisinin. Science 327(5963): 
328-31. DOI: 10.1126/science.1182612 
72. Jelodar N. B., Bhatt A., Mohamed K., Keng C. L. (2014). New cultivation approaches 
of Artemisia annua L. for a sustainable production of the antimalarial drug artemisinin. 




73. Schmidt A., Schmid M. W., Grossniklaus U. (2015). Plant germline formation: 
common concepts and developmental flexibility in sexual and asexual reproduction. 
Development, 142, 229-241. DOI:10.1242/dev.102103 
74. Wetzstein H. Y., Porter J. A., Janick J., Ferreira J. F. S., Mutui T. M. (2018). Selection 
and Clonal Propagation of High Artemisinin Genotypes of Artemisia annua. Frontiers 
in Plant Science, vol 9, article 358. DOI: 10.3389/fpls.2018.00358 
75. Larson T. R., Branigan C., Harvey D., Penfield T., Bowles D., and Graham I. A. 
(2013). A survey of artemisinic and dihydroartemisinic acid contents in glasshouse and 
global field-grown populations of the artemisinin-producing plant Artemisia annua L. 
Ind. Crops Prod. 45: 1–6. DOI: 10.1016/j.indcrop.2012.12.004 
76. Kapoor R., Sharma D., Bhatnagar A. K. (2008). Arbuscular mycorrhizae in 
micropropagation systems and their potential applications. Scientia Horticulturae, 116: 
227–239. doi:10.1016/j.scienta.2008.02.002 
77. Loberant B. and Altman A. (2010). Micropropagation Of Plants. Encyclopedia of 
Industrial Biotechnology: Bioprocess, Bioseparation, and Cell Technology, edited by 
Michael C. Flickinger Copyright © John Wiley & Sons, Inc. DOI: 
10.1002/9780470054581.eib442 
78. Skoog F., & Miller CO. (1957). Chemical regulation of growth and organ formation in 
plant tissue cultures in vitro. Symposia of the Society for Experimental Biology 11: 
118–131. 
79. Reinert J. (1959). Uber die Kontrolle der Morphogenese und die Induktion von 
Adventivembryonen an Gewebekulturen aus Karotten. Planta 53: 318–333. 
80. Morel G. (1960). Producing virus-free cymbidium. American Orchid Society Bulletin 
29: 495–497. 
81. Murashige T, Skoog F. (1973). Plant propagation through tissue culture. Annual review 
of plant physiology 25: 135–197. 
82. Murashige T. (1974). Plant propagation through tissue cultures. Annual review of plant 
physiology 25(1), 135-166. DOI: 10.1146/annurev.pp.25.060174.001031 




84. Vaidya B. N., Asanakunov B., Shahin L., Jernigan H. L., Joshee N., Dhekney S. A. 
(2019). Improving micropropagation of Mentha × piperita L. using a liquid culture 
system. In Vitro Cellular & Developmental Biology – Plant, 55: 71–80. DOI: 
10.1007/s11627-018-09952-4 
85. Máthé Á., Hassan F., Abdul Kader A. (2015). In Vitro Micropropagation of 
Medicinal and Aromatic Plants. In: Máthé Á. (eds) Medicinal and Aromatic Plants 
of the World. Medicinal and Aromatic Plants of the World, vol 1. Springer, 
Dordrecht. DOI: 10.1007/978-94-017-9810-5_15 
86. Murashige T & Skoog F. (1962). A revised medium for rapid growth and bioassays 
with tobacco tissue cultures. Physiol. Plant. 15: 473-97. 
87. Ahmad I., Tanveer H., Irfan A., Muhammad N., Maryam, Muhammad R., Muhammad 
I. (2013). Lethal effects of secondary metabolites on Plant Tissue Culture. American-
Eurasian J Agric. & Environ. Sci. 13(4): 539-547. 
88. Gaurav N., Juyal K. P., Tyagi M., Chauhan N. and Kumar A. (2018). A review on in 
vitro propagation of medicinal plants. Journal of Pharmacognosy and Phytochemistry, 
7(6): 2228-2231.  
89. Gupta N., Jain V., Joseph R. M., Devi S. (2020). A Review on Micropropagation 
Culture Method. Asian Journal of Pharmaceutical Research and Development 8(1): 
86-93. DOI: 10.22270/ajprd.v8i1.653 
90. Abraham J., and Thomas D. (2016). Chapter 9 - Recent Advances in Asteraceae Tissue 
Culture. Anis M., Ahmad N. (eds.), In Plant Tissue Culture: Propagation, 
Conservation and Crop Improvement. Springer Singapore. DOI: 10.1007/978-981-10-
1917-3_9 
91. El-Esawi M. A. (2016). Chapter 23 - Micropropagation technology and its applications 
for crop improvement. In Plant Tissue Culture: Propagation, Conservation and Crop 
Improvement, 523-545. Anis M., Ahmad N. (eds.), Springer Singapore. DOI: 
10.1007/978-981-10-1917-3_23 
92. Singh A., Agarwal P.K. (2016). Enhanced micropropagation protocol of ex vitro 
rooting of a commercially important crop plant Simmondsia chinensis (Link) 
Schneider. J. For. Sci. 62: 107-115.  
67 
 
93. Preece J. E. and Read P. E. (2003). Novel Methods In Micropropagation. Acta Hortic. 
616: 71-76. DOI: 10.17660/ActaHortic.2003.616.4 
94. George E. F., Hall M. A., De Klerk G. J. (2008). Micropropagation: uses and methods. 
In Plant propagation by tissue culture, 29-64. Editors: George E. F., Hall M. A., De 
Klerk G. J. (Eds.), Springer Dordrecht. DOI: 10.1007/978-1-4020-5005-3_2 
95. Singh A. (2015). Chapter 16 – Micropropagation of Plants. Editors: Bahadur B., Rajam 
V. M., Sahijram L., Krishnamurthy K.V. (Eds.), In Plant Biology and Biotechnology: 
Volume II: Plant Genomics and Biotechnology. Springer India. DOI: 10.1007/978-81-
322-2283-5_16 
96. Sahu J., and Sahu R. K. (2013). A Review on Low Cost Methods for In Vitro 
Micropropagation of Plant Through Tissue Culture Technique. UK Journal of 
Pharmaceutical and Biosciences: 1(1): 38-41. 
97. Butt J. S., Varis S., Nasir I. A., Sheraz S., Shadid A., Ali Q. (2015). Micro Propagation 
in Advanced Vegetable Production: A Review. Adv. Life Sci. 2(2): 48-57. 
98. Oseni O. M., Pande V., and Nailwal T. K. (2018). A Review on Plant Tissue Culture, 
A Technique for Propagation and Conservation of Endangered Plant Species. Int. J. 
Curr. Microbiol. App. Sci. 7(7): 3778-3786. DOI: 10.20546/ijcmas.2018.707.438 
99. Niu L., Qin Q., Wang L., Gai Q., Jiao J., Zhao C., Fu Y. (2019). Chemical profiling of 
volatiles components of micropropagated Santolina chamaecyparissus L. Industrial 
Crops & Products, 137: 162-170. DOI: 10.1016/j.indcrop.2019.05.020  
100. Garcia-Gonzales R., Quiroz K., Carrasco B., and Caligari P. (2010). Plant tissue 
culture: Current status, opportunities and challenges. Cien. Inv. Agr. 37(3): 5-30. 
101. Hussain A., Qarshi I. A., Nazir H., and Ullah I. (2012). Plant Tissue Culture: Current 
Status and Opportunities. In Recent Advances in Plant in vitro Culture, Editors: Leva 
A. and Rinaldi L. M. R., IntechOpen. DOI: 10.5772/50568. Available from: 
https://www.intechopen.com/books/recent-advances-in-plant-in-vitro-culture/plant-
tissue-culture-current-status-and-opportunities 




103. Miguel C., and Marum L. (2011). An epigenetic view of plant cells cultured in vitro: 
somaclonal variation and beyond. Journal of Experimental Botany, 62(11): 3713–
3725. DOI:10.1093/jxb/err155 
104. Thorpe T. (2007). History of plant tissue culture. J Mol Micro Biotechnol 37: 169–180. 
105. Rani G., Virk G. S., Nagpal A. (2003). Callus induction and plantlet regeneration in 
Withania somnifera (L.) Dunal. In Vitro Cellular and Development Biology - Plant. 
39(5): 468-474. 
106. Thorpe T. A. (1994). Morphogenesis and regeneration. In: Plant cell and tissue culture. 
Vasil I. K., Thorpe T. (eds). Dordrecht: Kluwer Academic Publishers: 17–36. 
107. Bhojwani S. S., Dantu P. K. (2013). Somaclonal variation. In: Plant Tissue Culture: 
An introductory text, 141-154. Springer, India. 
108. Loyola-Vargas V. M. and Ochoa-Alejo N. (2018). An Introduction to Plant Tissue 
Culture: Advances and Perspectives. Loyola-Vargas V. M. and Ochoa-Alejo N. (eds.), 
In Plant Cell Culture Protocols, Methods in Molecular Biology, vol. 1815, Springer 
Science+Business Media, LLC, part of Springer Nature. DOI: 10.1007/978-1-4939-
8594-4_1 
109. Valero-Aracama C., Kane M. E., Wilson S. B., Philman N. L. (2008). Comparative 
growth, morphology, and anatomy of easy- and difficult-to-acclimatize sea oats 
(Uniola paniculata) genotypes during in vitro culture and ex vitro acclimatization. J 
Am Soc Hortic Sci 133:830–843 
110. Kane M. E. (2011). Propagation by shoot culture. Plant tissue culture, development 
and biotechnology. CRC Press, LLC, Boca Raton, 181-191. 
111. Read P. E., Paek K. Y. (2007). Plant tissue culture: past, present and prospects for the 
future. Acta Hortic (ISHS): 764: 41–48. 
112. Tiwari V., Tiwari K. N., Singh B.D. (2000). Suitability of Liquid cultures for in vitro 
multiplication of Adhatoda. Wettst, Phytomorphology 50(3-4): 337-34. 
113. Altman A., Loberant B. (1998). Micropropagation. In: Altman A, editor. Agricultural 
biotechnology. New York: Marcel Dekker, Inc.; 1998. pp. 19–48. 
114. Debergh P, Zimmerman R. (1990). Micropropagation: technology and application. 
Dordrecht: Kluwer Academic. 
69 
 
115. Debnath M., Malik C. P., and Bisen P. S. (2006). Micropropagation: A Tool for the 
Production of High Quality Plant-based Medicines. Current Pharmaceutical 
Biotechnology, 7: 33-49. 
116. Dubuc J. F., Desjardins Y. (2007). Effects of autotrophic and mixotrophic tissue culture 
conditions on the expression of primary metabolism genes of tomato plantlets. Acta 
Hortic (ISHS) 748: 165–171. 
117. Pospísilová J., Synková H., Haisel D., and Semorádová S. (2007). Acclimation Of 
Plantlets To Ex Vitro Conditions: Effects Of Air Humidity, Irradiance, 
Co2 Concentration And Abscisic Acid (A Review). Acta Hortic. 748: 29-38. DOI: 
10.17660/ActaHortic.2007.748.2 
118. Gaurav N., Singh A. P., Kumar A., Som D., Kumar D., Komal Heera S. G. (2016). In 
vitro tissue culture studies from nodal and petiole explants of wild and cultivated traits 
of Withania somnifera in MS and B5 medium. Journal of Medicinal Plants Studies, 
4(2):92-96. 
119. Irum S., Khan F. A., Erum S., Nouroz F., Muhammad A. and Kanwal S. (2017). In 
vitro propagation of selected medicinal plants species. Asian Journal of Agriculture 
and Rural Development, 7(2), 40-47. DOI: 
10.18488/journal.1005/2017.7.2/1005.2.40.47 
120. Akin-Idowu P. E., Ibitoye D. O., Ademoyegun O.T. (2009). Tissue Culture as a Plant 
Production Technique for Horticultural Crops. African Journal of Biotechnology 8: 
3782- 3788. 
121. Chandler S. (2007). Practical lessons in the commercialization of genetically modified 
plants - long vase-life carnation. Acta Hortic (ISHS) 764: 71–82. 
122. Gosal S. S., Kang M. S. (2012) Plant tissue culture and genetic transformation for crop 
improvement. In: Improving crop resistance to abiotic stress. Narendra T., Sarvajeet 
S. G., Tiburcio A. F., Renu T. (eds). Wiley-VCH, Weinheim: 357–387. 
123. Meyer F. H. (1973). Distribution of ectomycorrhizae in native and man-made forests. 
In: Ectomycorrhizae, their ecology and physiology. Marks G.C., Kozlowski T.T. (Eds). 
Academic Press, New York: 79-105. 
70 
 
124. Kumar V. V. (2016). Chapter 1 - Plant Growth-Promoting Microorganisms: Interaction 
with Plants and Soil. Editors: Hakeem K. R., Akhtar M. S., Abdullah S. N. A. (Eds.) 
In Plant, Soil and Microbes, Springer International Publishing Switzerland. DOI 
10.1007/978-3-319-27455-3_1 
125. Schüßler A., Schwarzott D. & Walker C. (2001). A new fungal phylum, the 
Glomeromycota: phylogeny and evolution. Mycological Research 105, 1414–1421. 
126. Ramaekers L., Remans R., Rao I.M., Blair M.W., Vanderleydena J. (2010). Strategies 
for improving phosphorus acquisition efficiency of crop plants. Field Crops Research 
117: 169–176. 
127. Spatafora J. W., Chang Y., Benny G. L., Lazarus K., Smith M. E., Berbee M. L., Bonito 
G., Corradi N., Grigoriev I., Gryganskyi A., James T. Y., O’Donnell K., Roberson R. 
W., Taylor T. N., Uehling J., Vilgalys R., White M. M., Stajich J. E. (2016). A phylum-
level phylogenetic classification of zygomycete fungi based on genome-scale 
data. Mycologia 108(5), 1028-1046. DOI: 10.3852/16-042. 
128. Redecker D., Morton J.B., Bruns T.D. (2000). Ancestral lineages of arbuscular 
mycorrhizal fungi (Glomales). Molecular Phylogenetics and Evolution, 14: 276-284. 
129. Lanfranco L., Bonfante P., Genre A. (2016). The mutualistic interaction between plants 
and arbuscular mycorrhizal fungi. Microbiol Spectrum 4(6): FUNK-0012. 
DOI:10.1128/ microbiolspec.FUNK-0012-2016 
130. Owen D., Williams A. P., Griffith G. W., Withers P. J. A. (2015). Use of commercial 
bio-inoculants to increase agricultural production through improved phosphorus 
acquisition. Appl. Soil Ecol. 86: 41–54. 
131. Hosny M., Gianinazzi-Pearson V., Dulieu H. (1998). Nuclear DNA content of 11 
fungal species in Glomales. Genome 41:422–428. DOI: 10.1139/g98-038. 
132. Akiyama K., Matsuzaki K., Hayashi H. (2005). Plant sesquiterpenes induce hyphal 
branching in arbuscular mycorrhizal fungi. Nature 435, 824–827. 
133. Yoneyama K., Yoneyama K., Takeuchi Y., Sekimoto H. (2007). Phosphorus 
deficiency in red clover promotes exudation of orobanchol, the signal for mycorrhizal 
symbionts and germination stimulant for root parasites. Planta 225: 1031–1038. 
71 
 
134. Bonfante P., Genre A. (2010). Mechanisms underlying beneficial plant–fungus 
interactions in mycorrhizal symbiosis. Nature communications 1(1): 1-11. DOI: 
10.1038/ncomms1046. 
135. Konvalinkova T., Püschel D., Řezáčová V., Gryndlerová H., Jansa J. (2017). Carbon 
flow from plant to arbuscular mycorrhizal fungi is reduced under phosphorus 
fertilization. Plant Soil 419: 319–333. DOI: 10.1007/s11104-017-3350-6 
136. Besserer A., Puech-Pagès V., Kiefer P., Gomez-Roldan V., Jauneau A., Roy S., Portais 
J., Roux C., Bécard S., and Séjalon-Delmas N. (2006). Strigolactones stimulate 
arbuscular mycorrhizal fungi by activating mitochondria. PLoS Biol 4(7): e226. DOI: 
10.1371/journal.pbio.0040226 
137. Genre A., Chabaud M., Faccio A., Barker D. G., Bonfante P. (2008). Prepenetration 
apparatus assembly precedes and predicts the colonization patterns of arbuscular 
mycorrhizal fungi within the root cortex of both Medicago truncatula and Daucus 
carota. The Plant Cell 20(5): 1407-1420. DOI: 10.1105/tpc.108.059014 
138. Smith S. E., Read D. J. (2008). Mycorrhizal Symbiosis. Third Edition Elsevier, 360 
Park Evenue South, New York. 
139. Bucher M., Wegmueller S., Drissner D. (2009). Chasing the structures of small 
molecules in arbuscular mycorrhizal signaling. Current opinion in plant biology 12(4): 
500-507. DOI: 10.1016/j.pbi.2009.06.001 
140. Bonfante P., Genre A. (2015). Arbuscular mycorrhizal dialogues: do you speak 
'plantish' or 'fungish'? Trends Plant Sci. 20(3): 150-4. DOI: 
10.1016/j.tplants.2014.12.002 
141. Kosuta S., Chabaud M., Lougnon G., Gough C., Dénarié J., Barker D. G., Bécard G. 
(2003). A Diffusible Factor from Arbuscular Mycorrhizal Fungi Induces Symbiosis-
Specific MtENOD11 Expression in Roots of Medicago truncatula. Plant 
physiology 131(3): 952-962. DOI: 10.1104/pp.011882 
142. Kuhn H., Küster H., Requena N. (2010). Membrane steroid-binding protein 1 induced 
by a diffusible fungal signal is critical for mycorrhization in Medicago truncatula. New 
Phytol 185: 716–733. DOI: 10.1111/j.1469-8137.2009.03116.x 
72 
 
143. Bonfante P., and Requena N. (2011). Dating in the dark: how roots respond to fungal 
signals to establish arbuscular mycorrhizal symbiosis. Curr. Opin. Plant Biol. 14: 451–
457. DOI: 10.1016/j.pbi.2011.03.014 
144. Harrison M. J. (2012). Cellular programs for arbuscular mycorrhizal symbiosis. Curr 
Opin Plant Biol 15: 691–698. DOI: 10.1016/j. pbi.2012.08.010 
145. Oldroyd G. E. (2013). Speak, friend, and enter: signalling systems that promote 
beneficial symbiotic associations in plants. Nature Reviews Microbiology 11(4): 252-
263. DOI: 10.1038/nrmicro2990 
146. Gobbato E. (2015). Recent developments in arbuscular mycorrhizal signaling. Curr 
Opin Plant Biol 26: 1–7. DOI: 10.1016/j.pbi .2015.05.006 
147. Genre A., Russo G. (2016). Does a common pathway transduce symbiotic signals in 
plant-microbe interactions? Front Plant Sci 7: 96. DOI: 10.3389/fpls.2016.00096 
148. Moscatiello R., Sello S., Novero M., Negro A., Bonfante P., Navazio L. (2014). The 
intracellular delivery of TAT-aequorin reveals calcium-mediated sensing of 
environmental and symbiotic signals by the arbuscular mycorrhizal fungus Gigaspora 
margarita. New Phytol 203: 1012–1020. DOI:1111/nph.12849 
149. Chabaud M., Genre A., Sieberer B. J., Faccio A., Fournier J., Novero M., Barker D. 
G., Bonfante P. (2011). Arbuscular mycorrhizal hyphopodia and germinated spore 
exudates trigger Ca2+ spiking in the legume and nonlegume root epidermis. New 
Phytol 189: 347–355. DOI: 10.1111/j.1469-8137.2010.03464.x 
150. Lanfranco L., Fiorilli V., Gutjahr C. (2018). Partner communication and role of 
nutrients in the arbuscular mycorrhizal symbiosis. New Phytologist 220(4), 1031-1046. 
DOI: 10.1111/nph.15230 
151. Genre A., Chabaud M., Timmers T., Bonfante P., Barker D. G. (2005). Arbuscular 
mycorrhizal fungi elicit a novel intracellular apparatus in Medicago truncatula root 
epidermal cells before infection. The Plant Cell 17(12), 3489-3499. DOI: 
10.1105/tpc.105.035410 
152. Choi J., Summers W., and Paszkowski U. (2018). Mechanisms Underlying 
Establishment of Arbuscular Mycorrhizal Symbioses. Annu. Rev. Phytopathol. 2018. 
56:135–60. DOI: 10.1146/annurev-phyto-080516- 035521 
73 
 
153. Gutjahr C. and Parniske M. (2013). Cell and Developmental Biology of Arbuscular 
Mycorrhiza Symbiosis. Annu. Rev. Cell Dev. Biol. 29: 593–617. DOI: 
10.1146/annurev-cellbio-101512-122413 
154. Kobae Y., Hata S. (2010). Dynamics of periarbuscular membranes visualized with a 
fluorescent phosphate transporter in arbuscular mycorrhizal roots of rice. Plant Cell 
Physiol 51: 341–353. DOI: 10.1093/pcp/pcq013 
155. Javot H., Pumplin N., Harrison M. J. (2007). Phosphate in the arbuscular mycorrhizal 
symbiosis: transport properties and regulatory roles. Plant, Cell & Environment 30(3): 
310-322. DOI: 10.1111/j.1365-3040.2006.01617.x 
156. Bapaume L., & Reinhardt D. (2012). How membranes shape plant symbioses: 
signaling and transport in nodulation and arbuscular mycorrhiza. Frontiers in plant 
science 3: 223. DOI: 10.3389/fpls.2012.00223 
157. Govindarajulu M., Pfeffer P.E., Jin H., Abubaker J., Douds D.D., Allen J.W., Bücking 
H., Lammers P.J., Shachar-Hill Y. (2005). Nitrogen transfer in the arbuscular 
mycorrhizal symbiosis. Nature 435: 819–823. 
158. Atul-Nayyar A., Hamel C., Hanson K., Germida J. (2009). The arbuscular mycorrhizal 
symbiosis links N mineralization to plant demand. Mycorrhiza 19: 239–246. 
159. Smith S. E., Smith F. A. (2011). Roles of arbuscular mycorrhizas in plant nutrition and 
growth: new paradigms from cellular to ecosystem scales. Annu Rev Plant Biol. 62: 
227-50. Doi: 10.1146/annurev-arplant-042110-103846 
160. Drigo B., Pijl A. S., Duyts H., Kielak A. M., Gamper H. A., Houtekamer M. J., 
Boschker H. T., Bodelier P. L., Whiteley A. S., van Veen J. A., Kowalchuk G. A. 
(2010). Shifting carbon flow from roots into associated microbial communities in 
response to elevated atmospheric CO2. Proc Natl Acad Sci USA 107: 10938–10942 
DOI: 10.1073/pnas.0912421107 
161. Bitterlich M., Rouphael Y., Graefe J. and Franken P. (2018). Arbuscular Mycorrhizas: 
A Promising Component of Plant Production Systems Provided Favorable Conditions 
for Their Growth. Front. Plant Sci. 9: 1329. DOI: 10.3389/fpls.2018.01329 




163. Jacott C. N., Murray J. D., and Ridout C. J. (2017). Trade-Offs in Arbuscular 
Mycorrhizal Symbiosis: Disease Resistance, Growth Responses and Perspectives for 
Crop Breeding. Agronomy, 7, 75. DOI: 10.3390/agronomy7040075 
164. Marschner P. (2012). Marschner’s Mineral Nutrition of Higher Plants, Third Edition. 
Academic Press. 
165. Cavagnaro T. R., Bender S. F., Asghari H. R., and van der Heijden M. G. A. (2015). 
The role of arbuscular mycorrhizas in reducing soil nutrient loss. Trends in Plant 
Science, vol. 20, No. 5. DOI: 1016/j.tplants.2015.03.004  
166. Thirkell T. J., Charters M. D., Elliott A. J., Sait S. M., Field K. J. (2017). Are 
mycorrhizal fungi our sustainable saviours? Considerations for achieving food 
security. J. Ecol. 105: 921–929.  
167. Rausch C., Daram P., Brunner S., Jansa J., Laloi M., Leggewie G., Amrhein N., Bucher 
M. (2001). A phosphate transporter expressed in arbuscule-containing cells in potato. 
Nature 414: 462–466.  
168. Harrison M. J., Dewbre G. R., and Liu J. (2002). A phosphate transporter from 
medicago truncatula involved in the acquisition of phosphate released by arbuscular 
mycorrhizal fungi. Plant Cell 14: 2413–2429. DOI: 10.1105/tpc.004861 
169. Konvalinková T., Püschel D., Janoušková M., Gryndler M., and Jansa J. (2015). 
Duration and intensity of shade differentially affects mycorrhizal growth-and 
phosphorus uptake responses of Medicago truncatula. Front. Plant Sci. 6: 65. DOI: 
10.3389/fpls.2015.00065 
170. Berruti A., Lumini E., Balestrini R., and Bianciotto V. (2016). Arbuscular Mycorrhizal 
Fungi as Natural Biofertilizers: Let’s Benefit from Past Successes. Front. Microbiol. 
6: 1559. DOI: 10.3389/fmicb.2015.01559 
171. Allen M. F. (2011). Linking water and nutrients through the vadose zone: a fungal 
interface between the soil and plant systems: linking water and nutrients through the 
vadose zone: a fungal interface between the soil and plant systems. J. Arid Land 3: 
155–163. DOI: 10.3724/SP.J.1227.2011.00155 
172. Bucher M ., Wegmüller S., & Drissner D. (2009). Chasing the structures of small 
molecules in arbuscular mycorrhizal signalling. Curr. Opin. Plant Biol. 12: 500 – 507.  
75 
 
173. Tawaraya K., Hirose R., Wagatsuma T. (2012). Inoculation of arbuscular mycorrhizal 
fungi can substantially reduce phosphate fertilizer application to Allium fistulosum L. 
and achieve marketable yield under field condition. Biol Fertil Soils 48: 839–843. 
174. Varma A., Prasad R., Tuteja N. (2017). Mycorrhiza - Nutrient Uptake, Biocontrol, 
Ecorestoration. Springer Cham. XVII, 533. DOI: 10.1007/978-3-319-68867-1 
175. Balestrini, R., Lumini, E., Borriello, R., and Bianciotto, V. (2015). Plant-soil biota 
interactions. In: Soil Microbiology, Ecology and Biochemistry. Paul E. A. (ed). 
Academic Press, Elsevier, 311–338. DOI: 10.1016/b978-0-12-415955- 6.00011-6 
176. Nouri E., Breuillin-Sessoms F., Feller U., Reinhardt D. (2014) Phosphorus and 
nitrogen regulate arbuscular mycorrhizal symbiosis in Petunia hybrida. PLoS ONE 
9(3): e90841. 
177. Kim S. J., Eo J. K., Lee E. H., Park H., and Eom A. H. (2017). Effects of Arbuscular 
Mycorrhizal Fungi and Soil Conditions on Crop Plant Growth. Mycobiology 45(1): 20-
24. DOI: 10.5941/MYCO.2017.45.1.20 
178. Chen M., Arato M., Borghi L., Nouri E. and Reinhardt D. (2018). Beneficial Services 
of Arbuscular Mycorrhizal Fungi – From Ecology to Application. Front. Plant Sci. 
9:1270. DOI: 10.3389/fpls.2018.01270 
179. Chen S., Jin W., Liu W., Zhang S., Liu D., Wang F., Lin X., He C. (2013). Arbuscular 
mycorrhizal fungi (AMF) increase growth and secondary metabolism in cucumber 
subjected to low temperature stress. Scientia Horticulturae 160: 222–229. DOI: 
10.1016/j.scienta.2013.05.039 
180. Bowles T. M., Barrios-Masias F. H., Carlisle E. A., Cavagnaro T. R., Jackson L. E. 
(2016). Effects of arbuscular mycorrhizae on tomato yield, nutrient uptake, water 
relations, and soil carbon dynamics under deficit irrigation in field conditions. Science 
of the Total Environment 566–567: 1223–1234. DOI: 10.1016/j.scitotenv.2016.05.178  
181. Posta K. and Duc N. H. (2019). Chapter 10 - Benefits of Arbuscular Mycorrhizal Fungi 
Application to Crop Production under Water Scarcity. In: Drought detection and 




182. Ruiz-Lozano J. M. (2003). Arbuscular mycorrhizal symbiosis and alleviation of 
osmotic stress. New perspectives for molecular studies. Mycorrhiza 13: 309–317. 
183. Beltrano J., Ruscitti M., Arango M. C., and Ronco M. (2013).  Effects of arbuscular 
mycorrhiza inoculation on plant growth, biological and physiological parameters and 
mineral nutrition in pepper grown under different salinity and P levels. Journal of Soil 
Science and Plant Nutrition, 13(1): 123-141.  
184. Begum N., Qin C., Ahanger M. A., Raza S., Khan M. I., Ashraf M., Ahmed N., Zhang, 
L. (2019). Role of arbuscular mycorrhizal fungi in plant growth regulation: 
implications in abiotic stress tolerance. Frontiers in plant science 10, 1068. DOI: 
10.3389/fpls.2019.01068. 
185. Boer W., Folman L. B., Summerbell R. C., Boddy L. (2005). Living in a fungal world: 
impact of fungi on soil bacterial niche development. FEMS Microbiol Rev 29: 795–
811. 
186. Cicatelli A., Torrigiani P., Todeschini V., Biondi S., Castiglione S., Lingua G. (2014). 
Arbuscular mycorrhizal fungi as a tool to ameliorate the phytoremediation potential of 
poplar: biochemical and molecular aspects. iForest 7: 333-341. DOI: 
10.3832/ifor1045-007 
187. Baum C., El-Tohamy W., Gruda N. (2015). Increasing the productivity and product 
quality of vegetable crops using arbuscular mycorrhizal fungi: A review. Scientia 
Horticulturae 187: 131–141. DOI: 10.1016/j.scienta.2015.03.002  
188. Pozo M. J., Cordier C., Dumas-Gaudot E., Gianinazzi S., Barea J. M., Azcón-Aguilar 
C. (2002). Localized vs. systemic effect of arbuscular mycorrhizal fungi on defence 
responses to Phytophthora infection in tomato plants. J. Exp. Bot. 53: 525–534. 
189. Pozo M. J., Van Loon L. C., Pieterse C. M. J. (2005). Jasmonates – Signals in plant-
microbe interactions. J Plant Growth Regul 23: 211–222. 
190. Pozo M. J., Jung S. C., López-Ráez J. A., Azcón-Aguilar C. (2010). Chapter 9 - Impact 
of Arbuscular Mycorrhizal Symbiosis on Plant Response to Biotic Stress: The Role of 
Plant Defence Mechanisms. In: H. Koltai and Y. Kapulnik (eds.), Arbuscular 




191. Johri A. K., Oelmüller R., Dua M., Yadav V., Kumar M., Tuteja N., Varma A., 
Bonfante P., Persson B. L., Stroud R. M. (2015). Fungal association and utilization of 
phosphate by plants: success, limitations, and future prospects. Front Microbiol. 6: 
984. DOI: 10.3389/fmicb.2015.00984 
192. Koch A. M., Croll D., and Sanders I. R. (2006). Genetic variability in a population of 
arbuscular mycorrhizal fungi causes variation in plant growth. Ecology Letters 9: 103–
110. DOI: 10.1111/j.1461-0248.2005.00853.x 
193. Croll D., Giovannetti M., Koch, A. M., Sbrana C., Ehinger M., Lammers P. J. and 
Sanders I. R. (2009). Nonself vegetative fusion and genetic exchange in the arbuscular 
mycorrhizal fungus Glomus intraradices. New Phytologist 181: 924-937. DOI: 
10.1111/j.1469-8137.2008.02726.x 
194. Duc N. H., Csintalan Z., Posta K. (2018). Arbuscular mycorrhizal fungi mitigate 
negative effects of combined drought and heat stress on tomato plants. Plant 
Physiology and Biochemistry 132: 297-307. DOI: 10.1016/j. plaphy.2018.09.011 
195. Rivero J., Alvarez D., Flors V., Azcón-Aguilar C., Pozo M. J. (2018). Root metabolic 
plasticity underlies functional diversity in mycorrhiza-enhanced stress tolerance in 
tomato. New Phytologist 220: 1322-1336. DOI: 10.1111/ nph.15295 
196. Berdeni D., Cotton T. E. A., Daniell T. J., Bidartondo M. I., Cameron D. D. and Evans 
K. L. (2018). The Effects of Arbuscular Mycorrhizal Fungal Colonisation on Nutrient 
Status, Growth, Productivity, and Canker Resistance of Apple (Malus pumila). Front. 
Microbiol. 9: 1461. DOI: 10.3389/fmicb.2018.01461 
197. An G. H., Kobayashi S., Enoki H., Sonobe K., Muraki M., Karasawa T., & Ezawa T. 
(2010). How does arbuscular mycorrhizal colonization vary with host plant genotype? 
An example based on maize (Zea mays) germplasms. Plant and Soil 327:441-453. 
DOI: 10.1007/ s11104-009-0073-3 
198. Calvo-Polanco M., Sánchez-Romer B., Aroca R., Asins M. J., Declerck S., Dodd I. C., 
Martínez-Andújar C., Albacete A., Ruiz-Lozano J. M. (2016). Exploring the use of 
recombinant inbred lines in combination with beneficial microbial inoculants (AM 
fungus and PGPR) to improve drought stress tolerance in tomato. Environmental and 
Experimental Botany 131: 47-57. DOI: 10.1016/j.envexpbot.2016.06.015 
78 
 
199. Duc N. H., Mayer Z., Pék Z., Helyes L., Posta K. (2017). Combined inoculation of 
arbuscular mycorrhizal fungi, Pseudomonas fluorescens and Trichoderma spp. for 
enhancing defense enzymes and yield of three pepper cultivars. Applied Ecology and 
Environmental Research 15(3): 1815-1829. 
200. Bazghaleh N., Hamel C., Gan Y., Tar'an B., Knight J. D. (2018). Genotypic variation 
in the response of chickpea to arbuscular mycorrhizal fungi and non-mycorrhizal 
fungal endophytes. Can J Microbiol. 64(4): 265-275. DOI: 10.1139/cjm-2017-0521 
201. Mader P., Fliessbach A., Dubois D., Gunst L., Fried P., and Niggli U. (2002). Soil 
fertility and biodiversity in organic farming. Science 296: 1694–1697. DOI: 
10.1126/science.1071148 
202. Wilson G. W. T., Rice C. W., Rillig M. C., Springer A., and Hartnett D. C. (2009). Soil 
aggregation and carbon sequestration are tightly correlated with the abundance of 
arbuscular mycorrhizal fungi: results from long-term field experiments. Ecol. Lett. 12: 
452–461. DOI: 10.1111/j.1461-0248.2009. 01303.x 
203. Balzergue C., Chabaud M., Barker D.G., Becard G., Rochange S. F. (2013). High 
phosphate  reduces host  ability to develop arbuscular mycorrhizal symbiosis without 
affecting root calcium spiking responses to the fungus. Frontiers in Plant Science vol. 
4, article 426: 1-15. 
204. Chen S., Zhao H., Zou C., Li Y., Chen Y., Wang Z., Jiang Y., Liu A., Zhao P., Wang 
M. and Ahammed G. J. (2017). Combined Inoculation with Multiple Arbuscular 
Mycorrhizal Fungi Improves Growth, Nutrient Uptake and Photosynthesis in 
Cucumber Seedlings. Front. Microbiol. 8: 2516. DOI: 10.3389/fmicb.2017.02516 
205. Plaxton W. C., Tran T. H. (2011). Metabolic Adaptations of Phosphate-Starved Plants. 
Plant Physiology Vol. 156, pp. 1006–1015. 
206. Feddermann N., Boller T., Salzer P., Elfstrand S., Wiemken A., Elfstrand M. (2008). 
Medicago truncatula shows distinct patterns of mycorrhiza-related gene expression 




207. Hart M., Ehret D. L., Krumbein A., Leung C., Murch S., Turi C., Franken P. (2015). 
Inoculation with arbuscular mycorrhizal fungi improves the nutritional value of 
tomatoes. Mycorrhiza 25:359–376. DOI: 10.1007/s00572-014-0617-0 
208. Smith S. E., Smith F. A., Jakobsen I. (2004). Functional diversity in arbuscular 
mycorrhizal (AM) symbioses: the contribution of the mycorrhizal P uptake pathway is 
not correlated with mycorrhizal responses in growth or total P uptake. New 
phytologist 162(2): 511-524. DOI: 10.1111/j.1469-8137.2004.01039 
209. Saia S., Rappa V., Ruisi P., Abenavoli M. R., Sunseri F., Giambalvo D., Frenda A. S. 
and Martinelli F. (2015). Soil inoculation with symbiotic microorganisms promotes 
plant growth and nutrient transporter genes expression in durum wheat. Front. Plant 
Sci. 6:815. DOI: 10.3389/fpls.2015.00815 
210. Pereira J. A. P., Vieira I. J. C., Freitas M. S. M., Prins C. L., Martins M. A., and 
Rodrigues R. (2016). Effects of arbuscular mycorrhizal fungi on Capsicum spp. 
Journal of Agricultural Science 154: 828–849. DOI:10.1017/S0021859615000714 
211. Romero-Munar A., Del-Saz N. F., Ribas-Carbó M., Flexas J., Baraza E., Florez-Sarasa 
I., Fernie A. R., & Gulías J. (2017). Arbuscular Mycorrhizal Symbiosis with Arundo 
donax Decreases Root Respiration and Increases Both Photosynthesis and Plant 
Biomass Accumulation. Plant, Cell and Environment 40: 1115–1126. DOI: 
10.1111/pce.12902 
212. Tarraf W., Ruta C., Tagarelli A., De Cillis F., De Mastro G. (2017). Influence of 
arbuscular mycorrhizae on plant growth, essential oil production and phosphorus 
uptake of Salvia officinalis L. Industrial Crops and Products 102: 144–153. DOI: 
10.1016/j.indcrop.2017.03.010  
213. Toussaint J. P., Smith F. A., Smith S. E. (2007). Arbuscular mycorrhizal fungi can 
induce the production of phytochemicals in sweet basil irrespective of phosphorus 
nutrition. Mycorrhiza 17: 291–297. 
214. Khaosaad T., Vierheilig H., Nell M., Zitterl-Eglseer K., Noval J. (2006). Arbuscular 
mycorrhiza alter the concentration of essential oils in oregano (Origanum sp., 
Lamiaceae). Mycorrhiza 16:443–446. 
80 
 
215. Freitas M. S. M., Martins M. A., Vieira I. J. C. (2004). Produção e qualidade de óleos 
essenciais de Mentha arvensis em resposta à inoculação de fungos micorrízicos 
arbusculares. Pesq. agropec. bras. 39(9): 887-894. DOI: 10.1590/S0100-
204X2004000900008 
216. Cabello M., Irrazabal G., Bucsinszky A. M., Saparrat M., and Schalamuk S. (2005). 
Effect of an arbuscular mycorrhizal fungus, Glomus mosseae, and a rock‐phosphate‐
solubilizing fungus, Penicillium thomii, on Mentha piperita growth in a soilless 
medium. J. Basic Microbiol., 45: 182-189. DOI: 10.1002/jobm.200410409 
217. Nell M., Wawrosch C., Steinkellner S., Vierheilig H., Kopp B., Lössl A. (2010). Root 
colonization by symbiotic arbuscular mycorrhizal fungi increases sesquiterpenic acid 
concentrations in Valeriana officinalis L. Planta Medica 76, 393–398. DOI: 
10.1055/s-0029-1186180. 
218. Rapparini F., Llusià J., Peñuelas J. (2008). Effect of arbuscular mycorrhizal (AM) 
colonization on terpene emission and content of Artemisia annua L. Plant Biology 
10(1), 108-122. DOI: 10.1055/s-2007-964963. 
219. Smith S. E., Smith F. A., Jakobsen I. (2003). Mycorrhizal fungi can dominate 
phosphate supply to plants irrespective of growth responses. Plant physiology 133(1): 
16-20. DOI: 10.1104/pp.103.024380. 
220. Graham J. H., and Abbott L. K. (2000). Wheat responses to aggressive and non-
aggressive arbuscular mycorrhizal fungi. Plant Soil 220: 207–218. 
221. Hetrick B. A. D., Wilson G. W. T., Cox T. S. (1992). Mycorrhizal dependence of 
modern wheat-varieties, landraces, and ancestors. Can. J. Bot. Can. Bot. 70: 2032–
2040. 
222. Li H., Smith S. E., Holloway R. E., Zhu Y., Smith F. A. (2006). Arbuscular mycorrhizal 
fungi contribute to phosphorus uptake by wheat grown in a phosphorus-fixing soil even 
in the absence of positive growth responses. New Phytol. 172, 536–543. 
223. Grace E. J., Cotsaftis O., Tester M., Smith F. A., Smith S. E. (2009). Arbuscular 
mycorrhizal inhibition of growth in barley cannot be attributed to extent of 
colonization, fungal phosphorus uptake or effects on expression of plant phosphate 
transporter genes. New Phytol. 181, 938–949. 
81 
 
224. Li H. Y., Zhu Y. G., Marschner P., Smith F. A., Smith S. E. (2005). Wheat responses 
to arbuscular mycorrhizal fungi in a highly calcareous soil differ from those of clover, 
and change with plant development and P supply. Plant Soil 277: 221–232. 
225. Řezáčová V., Zemková L., Beskid O., Püschel D., Konvalinková T., Hujslová, M., 
Slavíková R., & Jansa J. (2018). Little Cross-Feeding of the Mycorrhizal Networks 
Shared Between C3-Panicum bisulcatum and C4-Panicum maximum Under Different 
Temperature Regimes. Frontiers in plant science 9, 449. DOI : 
10.3389/fpls.2018.00449 
226. Courty P. E., Doubkova P., Calabrese S., Niemann H., Lehmann M. F., Vosatka M., 
Selosse M. A.  (2015). Species-dependent partitioning of C and N stable isotopes 
between arbuscular mycorrhizal fungi and their C3 and C4 hosts. Soil Biology & 
Biochemistry 82: 52-61. DOI: 10.1016/j.soilbio.2014.12.005 
227. Tinker P.B. (1975). Soil chemistry of phosphorus and mycorrhizal effects on plant 
growth. In: Endomycorrhizas. Sanders F. E., Mosse B., Tinker P. B. (Eds.). Academic 
Press: London, UK, 1975; pp. 353–371. 
228. Smith F. A., Grace E. J., Smith S. E. (2009). More than a carbon economy: nutrient 
trade and ecological sustainability in facultative arbuscular mycorrhizal symbioses. 
New Phytologist 182 (2): 347-35. DOI: 10.1111/j.1469-8137.2008.02753.x 
229. Li H., Smith F. A., Dickson S., Holloway R. E., Smith S. E. (2008). Plant growth 
depressions in arbuscular mycorrhizal symbioses: Not just caused by carbon drain? 
New Phytol. 2008, 178, 852–862. 
230. Burleigh S. H., Cavagnaro T. R., Jakobsen I. (2002). Functional diversity of arbuscular 
mycorrhizas extends to the expression of plant genes involved in P nutrition. J Exp Bot 
53:1–9. 
231. Paszkowski U., Boller T. (2002). The growth defect of lrt1, a maize mutant lacking 
lateral roots, can be complemented by symbiotic fungi or high phosphate nutrition. 
Planta 214: 584–590. 
232. Karandashov V., Nagy R., Wegmüller S., Amrhein N., and Bucher M. (2004). 
Evolutionary conservation of a phosphate transporter in the arbuscular mycorrhizal 
symbiosis. PNAS 101 (16): 6285-6290. DOI: 10.1073/pnas.0306074101 
82 
 
233. Klironomos J. N. (2003). Variation In Plant Response to Native And Exotic Arbuscular 
Mycorrhizal Fungi. Ecology, 84(9): 2292–2301. 
234. Fitter A. H. (2006). What is the link between carbon and phosphorus fluxes in 
arbuscular mycorrhizas? A null hypothesis for symbiotic function. New Phytologist 
172: 3-6. 
235. Řezáčová V., Slavíková R., Konvalinková T., Hujslová M., Gryndlerová H., Gryndler 
M., Püschel D. (2017). Imbalanced carbon-for-phosphorus exchange between 
European arbuscular mycorrhizal fungi and non-native Panicum grasses — A case of 
dysfunctional symbiosis. Pedobiologia 62, 48–55. DOI: 
10.1016/j.pedobi.2017.05.004. 
236. Charron G., Furlan V., Bernier-Cardou M., Doyon G. (2001). Response of onion plants 
to arbuscular mycorrhizae. 1. Effects of inoculation method and phosphorus 
fertilization on biomass and bulb firmness. Mycorrhiza 11: 187–197. 
237. Hawkins H. (2001). Reduced15N-nitrogen transport through arbuscular mycorrhizal 
hyphae to Triticum aestivum L. supplied with ammonium vs. nitrate nutrition. Ann. 
Bot. 87: 303–311. 
238. Lanfranco L., Guether M., Bonfante P. (2011). Chapter 3 – Arbuscular Mycorrhizas 
and N Acquisition by Plants. In: Ecological Aspects of Nitrogen Metabolism in Plants. 
Editor(s): Joe C. Polacco Christopher D. Todd. John Wiley & Sons, Inc. 
DOI:10.1002/9780470959404 
239. Miransari M. (2011). Soil microbes and plant fertilization. Appl Microbiol Biotechnol 
92: 875–885. DOI: 10.1007/s00253-011-3521-y 
240. Koegel S., Ait Lahmidi N., Arnould C., Chatagnier O., Walder F., Ineichen K., Boller 
T., Wipf D., Wiemken A., Courty P. E. (2013). The family of ammonium transporters 
(AMT) in Sorghum bicolor: two AMT members are induced locally, but not 
systemically in roots colonized by arbuscular mycorrhizal fungi. New Phytol. 198(3): 
853-65. DOI: 10.1111/nph.12199 
241. Guether M., Neuhäuser B., Balestrini R., Dynowski M., Ludewig U., & Bonfante P. 
(2009). A mycorrhizal-specific ammonium transporter from Lotus japonicus acquires 
83 
 
nitrogen released by arbuscular mycorrhizal fungi. Plant physiology, 150(1): 73–83. 
DOI: 10.1104/pp.109.136390 
242. Mensah A. J., Alexander, Koch M. A., Antunes M. P., Kiers T. E., Hart M., Bücking 
H. (2015). High functional diversity within species of arbuscular mycorrhizal fungi is 
associated with differences in phosphate and nitrogen uptake and fungal phosphate 
metabolism. Mycorrhiza 25: 533–546. 
243. Bücking H., Kafle A. (2015). Role of arbuscular mycorrhizal fungi in the nitrogen 
uptake of plants: current knowledge and research gaps. Agronomy 5: 587–612. DOI: 
10.3390/agronomy5040587 
244. Affokpon A., Coyne D.L., Lawouin L., Tossou C., Agbèdè R. D., Coosemans J. (2011). 
Effectiveness of native West African arbuscular mycorrhizal fungi in protecting 
vegetable crops against root-knot nematodes. Biol. Fertil. Soils 47: 207–217. 
245. Feddermann N., Finlay R., Boller T., Elfstrand M. (2010). Functional diversity in 
arbuscular mycorrhiza – the role of gene expression, phosphorous nutrition and 
symbiotic efficiency. Fungal Ecology, 3 (1): 1-8. DOI: 10.1016/j.funeco.2009.07.003 
246. Jansa, J., Mozafar, A. & Frossard, E. (2005). Phosphorus Acquisition Strategies within 
Arbuscular Mycorrhizal Fungal Community of a Single Field Site. Plant 
Soil 276: 163–176. https://doi.org/10.1007/s11104-005-4274-0 
247. Rodriguez A., and Sanders I. R. (2015). The role of community and population ecology 
in applying mycorrhizal fungi for improved food security. ISME J. 9: 1053–1061. DOI: 
10.1038/ismej.2014.207 
248. Johnson N. C., Graham J. H., and Smith F. A. (1997). Functioning of mycorrhizal 
associations along the mutualism–parasitism continuum. New Phytol. 135: 575–585. 
DOI: 10.1046/j.1469-8137.1997.00729.x 
249. Smith S. E., Jabobsen I., Gronlund M., Smith F.A. (2011). Roles of arbuscular 
mycorrhizas in plant phosphorus nutrition: interactions between pathways of 
phosphorus uptake in arbuscular mycorrhizal roots have important implications for 
understanding and manipulating plant phosphorus acquisition. Plant 
Physiology 156: 1050– 1057. 
84 
 
250. Ravnskov S., Larsen J. (2016). Functional compatibility in cucumber mycorrhizas in 
terms of plant growth performance and foliar nutrient composition. Plant Biology 18 
(5): 816-823. DOI: 10.1111/plb.12465 
251. Salvioli A., Zouari I., Chalot M., Bonfante P. (2012) The arbuscular mycorrhizal status 
has an impact on the transcriptome profile and amino acid composition of tomato fruit. 
BMC Plant Biol 12(1): 1. 
252. Zouari I., Salvioli A., Chialva M., Novero M., Miozzi L., Tenore G. C., Bagnaresi P., 
Bonfante P. (2014). From root to fruit: RNA-Seq analysis shows that arbuscular 
mycorrhizal symbiosis may affect tomato fruit metabolism. BMC Genom 15(1): 1. 
253. Bona E., Cantamessa S., Massa N., Manassero P., Marsano F., Copetta A., Lingua G., 
D'Agostino G., Gamalero E., Berta G. (2017). Arbuscular mycorrhizal fungi and plant 
growth-promoting pseudomonads improve yield, quality and nutritional value of 
tomato: a field study. Mycorrhiza 27(1): 1-11. DOI: 10.1007/s00572-016-0727-y 
254. Hause B.,  Mrosk C.,  Isayenkov S.,  Strack D. (2007). Jasmonates in arbuscular 
mycorrhizal interactions. Phytochemistry 68: 101-110. 
255. Ludwig-Müller J. (2010). Hormonal responses in host plants triggered by arbuscular 
mycorrhizal fungi. In: Arbuscular mycorrhizas: physiology and function. Koltai H., 
Kapulnik Y. (eds). 2nd edn. Dordrecht: Springer, 169–190. 
256. Gutjahr C. (2014). Phytohormone signaling in arbuscular mycorhiza development. 
Curr Opin Plant Biol 20: 26–34. 
257. Pozo M. J., López‐Ráez  J. A., Azcón‐Aguilar C., García‐Garrido J. M. (2015). 
Phytohormones as integrators of environmental signals in the regulation of mycorrhizal 
symbioses. New Phytologist 205 (4): 1431-1436. DOI: 10.1111/nph.13252 
258. Singh N. K. (2011). Organic amendments to soil inoculated arbuscular mycorrhizal 
fungi and Pseudomonas fluorescens treatments reduce the development of root-rot 
disease and enhance the yield of Phaseolus vulgaris L., European Journal of Soil 
Biology, 47(5): 288-295. DOI: 10.1016/j.ejsobi.2011.07.002 
259. Azcón R., Medina A., Aroca R., Ruiz-Lozano J. M. (2013). Abiotic stress remediation 
by the arbuscular mycorrhizal symbiosis and rhizosphere bacteria/yeast interactions: 
85 
 
991–1002. In de Bruijn FJ (ed), Molecular Microbial Ecology of the Rhizosphere. John 
Wiley and Sons, Hoboken, NJ. DOI: 10.1002/9781118297674.ch93 
260. Jung S. C., Martinez-Medina A., Lopez-Raez J. A., Pozo M. J. (2012). Mycorrhiza-
induced resistance and priming of plant defenses. J Chem Ecol 38: 651–664. DOI: 
10.1007/s10886-012-0134-6 
261. Campos-Soriano L., García-Martínez J., San Segundo B. (2012). The arbuscular 
mycorrhizal symbiosis promotes the systemic induction of regulatory defence-related 
genes in rice leaves and confers resistance to pathogen infection. Mol Plant Pathol 13: 
579–592. DOI: 10.1111/j.1364-3703.2011.00773.x 
262. Vos C., Schouteden N., van Tuinen D., Chatagnier O., Elsen A., De Waele D., Panis 
B., Gianinazzi-Pearson V. (2013). Mycorrhiza-induced resistance against the rootknot 
nematode Meloidogyne incognita involves priming of defense gene responses in 
tomato. Soil Biol Biochem 60: 45–54. DOI: 10.1016/j.soilbio.2013.01.013 
263. Cervantes-Gámez R. G., Bueno-Ibarra M. A., Cruz-Mendívil A., Calderón-Vázquez C. 
L., Ramírez-Douriet C. M., Maldonado-Mendoza I. E., Villalobos-López M. Á., 
Valdez-Ortíz Á., López-Meyer M. (2016). Arbuscular mycorrhizal symbiosis-induced 
expression changes in Solanum lycopersicum leaves revealed by RNA-seq analysis. 
Plant Mol Biol Report 34: 89–102. DOI: 10.1007/s11105-015-0903-9 
264. Scannerini S., Fusconi A., Mucciarelli M. (2001). The effect of endophytic fungi on 
host plant morphogenesis. In: Seckback J, ed. Symbiosis: organisms and model 
systems. Dordrecht: Kluwer, 427–447. 
265. Hodge A., Berta G., Doussan C., Merchan F., Crespi M. (2009). Plant root growth, 
architecture and function. Plant and Soil 321: 153–187. 
266. Schellenbaum L., Berta G., Raviolanirina F., Tisserant B., Gianinazzi S., Fitter A. H. 
(1991). Influence of endomycorrhizal infection on root morphology in a 
micropropagated woody plant species (Vitis vinifera L.). Annals of Botany 68: 135–
141. 
267. Berta G., Sampò S., Gamalero E., Massa N., Lemanceau P. (2005). Suppression of 
Rhizoctonia root-rot of tomato by Glomus mosseae BEG12 and Pseudomonas 
86 
 
fluorescens A6RI is associated with their effect on the pathogen growth and on the root 
morphogenesis. European Journal of Plant Pathology 111: 279–288. 
268. Fusconi A. (2014). Regulation of root morphogenesis in arbuscular mycorrhizae: what 
role do fungal exudates, phosphate, sugars and hormones play in lateral root formation? 
Annals of Botany 113: 19–33. 
269. Berta G., Trotta A., Fusconi A. (1995). Arbuscular mycorrhizal induced changes to 
plant growth and root system morphology in Prunus cerasifera. Tree Physiology 15: 
281–293. 
270. Citernesi A. S., Vitagliano C., Giovannetti M. (1998). Plant growth and root system 
morphology of Olea europaea L. rooted cuttings as influenced by arbuscular 
mycorrhizas. Journal of Horticultural Science and Biotechnology 73: 647–654. 
271. Fusconi A., Gnavi E., Trotta A., Berta G. (1999). Apical meristems of tomato roots and 
their modifications induced by arbuscular mycorrhizal and soilborne pathogenic fungi. 
New Phytol 142: 505–516. 
272. Harrison M. J. (2005). Signaling in the arbuscular mycorrhizal symbiosis. Annual 
Review of Microbiology 59: 19–42. 
273. Berta G., Fusconi A., Trotta A., Scannerini S. (1990). Morphogenetic modifications 
induced by the mycorrhizal fungus Glomus strain E3 in the root system of Allium 
porrum L. New Phytol 114: 207–215. 
274. Olah B., Briere C., Becard G., Denarié J., Gough C. (2005). Nod factors and a 
diffusible factor from arbuscular mycorrhizal fungi stimulate lateral root formation in 
Medicago truncatula via the DMI1/DMI2 signalling pathway. The Plant Journal 44: 
195–207. 
275. Berta G., Fusconi A., Hooker J. (2002). Arbuscular mycorrhizal modifications to plant 
root systems: scale, mechanisms and consequences. In: Gianinazzi S., Schuepp H., 
Barea J.M., Haselwandter K. (eds) Mycorrhizal technology in agriculture. Birkhäuser 
Verlag, Basel: 71–86. 
276. Varney G., Canny M., Wang X., & Mccully, M. (1991). The Branch Roots of Zea. I. First 




277. Berta G., Tagliasacchi A. M., Fusconi A., Gerlero D., Trotta A., Scannerini S. (1991). 
The mitotic cycle in root apical meristems of Allium porrum L. is controlled by the 
endomycorrhizal fungus Glomus sp. strain E3. Protoplasma 161: 12–16. 
278. Maillet F., Poinsot V., André O., Puech-Pagès V., Haouy A., Gueunier M., Cromer L., 
Giraudet D., Formey D., Niebel A., Martinez E. A., Driguez H., Bécard G., & Dénarié 
J. (2011). Fungal lipochitooligosaccharide symbiotic signals in arbuscular mycorrhiza. 
Nature 469: 58–63. DOI: 10.1038/nature09622 
279. Mukherjee A., Ané J. M. (2011). Germinating spore exudates from arbuscular 
mycorrhizal fungi: molecular and developmental responses in plants and their 
regulation by ethylene. Molecular Plant-Microbe Interactions 24: 260–270. 
280. Gutjahr C., Novero M., Guether M., Montanari O., Udvardi M., Bonfante P. (2009). 
Presymbiotic factors released by the arbuscular mycorrhizal fungus Gigaspora 
margarita induce starch accumulation in Lotus japonicus roots. New Phytologist 183: 
53–61. 
281. Helber N.,  Wippel K.,  Sauer N.,  Schaarschmidt S.,  Hause B.,  Requena N. (2011). 
A versatile monosaccharide transporter that operates in the arbuscular mycorrhizal 
fungus Glomus sp is crucial for the symbiotic relationship with plants. The Plant Cell 
23: 3812-3823. 
282. Foo E.,  Ross J. J.,  Jones W. T.,  Reid J. B. (2013). Plant hormones in arbuscular 
mycorrhizal symbioses: an emerging role for gibberellins. Annals of Botany 111: 769-
779. 
283. Chiou T.J., Lin S. I. (2011). Signalling network in sensing phosphate availability in 
plants. Annual Review of Plant Biology 62: 185-206. 
284. Hammond J. P., White P. J. (2011). Sugar signalling in root responses to low 
phosphorus availability. Plant Physiology 156: 1033-1040. 
285. Sato A.,  Miura K. (2011). Root architecture remodelling induced by phosphate 
starvation, Plant Signalling and Behavior 6: 1122-1126. 
286. Niu Y. F.,  Chai R. S.,  Jin G. L.,  Wang H.,  Tang C. X.,  Zhang Y.S. (2013). Responses 
of root architecture development to low phosphorous availability: a review. Annals of 
Botany 112: 391-408. 
88 
 
287. Muday G. K.,  Rahman A.,  Binder B. M. (2012). Auxin and ethylene: collaborators or 
competitors? Trends in Plant Science 17: 181-195. 
288. Fukaki H,  Tasaka M. (2009). Hormone interactions during lateral root formation. Plant 
Molecular Biology 69: 437-449. 
289. De Smet I. (2011). Lateral root initiation: one step at a time. New Phytologist 193: 
867-873. 
290. Hanlon M. T.,  Coenen C. (2011). Genetic evidence for auxin involvement in 
arbuscular mycorrhiza initiation. New Phytologist 189: 701-709. 
291. Sukumar P.,  Legué V.,  Vayssières A., Martin F., Tuskan G. A., Kalluri U. C. (2013). 
Involvement of auxin pathways in modulating root architecture during beneficial 
plant–microorganism interactions. Plant, Cell and Environment 36: 909-919. 
292. Meixner C.,  Ludwig-Müller J.,  Miersch O.,  Gresshoff P.,  Staehelin C.,  Vierheilig 
H. (2005). Lack of mycorrhizal autoregulation and phytohormonal changes in the 
supernodulating soybean mutant nts1007. Planta 222: 709-715. 
293. Kaldorf M.,  Ludwig-Müller J. (2000). AM fungi might affect the root morphology of 
maize by increasing indole-3-butyric acid biosynthesis. Physiologia Plantarum 109: 
58-67. 
294. Fitze D.,  Wiepninga A.,  Kaldorf M.,  Ludwig-Müller J. (2005). Auxins in the 
development of an arbuscular mycorrhizal symbiosis in maize. Journal of Plant 
Physiology 162: 1210-1219. 
295. Ludwig-Müller J,  Güther M. (2007). Auxins as signals in arbuscular mycorrhiza 
formation. Plant Signaling and Behavior 2: 194-196. 
296. Overvoorde P.,  Fukaki H.,  Beeckman T. (2010). Auxin control of root development 
Cold Spring Harbor Perspectives in Biology 2: a001537. 
297. Seto Y.,  Kameoka H.,  Yamaguchi S.,  Kyozuka J. (2012). Recent advances in 
strigolactone research: chemical and biological aspects. Plant and Cell Physiology 53: 
1843-1853. 
298. Gou J., Strauss S. H., Tsai C. J., Fang K., Chen Y., Jiang X., Busov V. B. (2010). 
Gibberellins regulate lateral root formation in Populus through interactions with auxin 
and other hormones. Plant Cell. 22(3): 623-39. DOI: 10.1105/tpc.109.073239 
89 
 
299. Sun J.,  Chen Q.,  Qi L., Jiang H., Li S., Xu Y., Liu F., Zhou W., Pan J., Li X., Palme 
K., Li C. (2011). Jasmonate modulates endocytosis and plasma membrane 
accumulation of the Arabidopsis PIN2 protein. New Phytologist 191: 360-375. DOI: 
10.1111/j.1469-8137.2011.03713.x 
300. Shkolnik-Inbar D.,  Bar-Zvi D. (2010). ABI4 mediates abscisic acid and cytokinin 
inhibition of lateral root formation by reducing polar auxin transport in Arabidopsis. 
The Plant Cell 22: 3560-3573. 
301. Calcagno C.,  Novero M.,  Genre A.,  Bonfante P.,  Lanfranco L. (2012). The exudate 
from an arbuscular mycorrhizal fungus induces nitric oxide accumulation in Medicago 
truncatula roots. Mycorrhiza 22: 259-269. 
302. Abdel-Lateif K.,  Bogusz D.,  Hocher V. (2012). The role of flavonoids in the 
establishment of plant roots endosymbioses with arbuscular mycorrhiza fungi, rhizobia 
and Frankia bacteria. Plant Signaling and Behavior 7: 1-6. 
303. Genre A., Chabaud M.,  Balzergue C., Puech-Pagès V., Novero M., Rey T., Fournier 
J., Rochange S., Bécard G., Bonfante P., Barker D. G. (2013). Short-chain chitin 
oligomers from arbuscular mycorrhizal fungi trigger nuclear Ca2+ spiking in 
Medicago truncatula roots and their production is enhanced by strigolactone. New 
Phytologist 198: 190-202. 
304. Ruyter-Spira C.,  Kohlen W.,  Charnikhova T., van Zeijl A., van Bezouwen L., de 
Ruijter N., Cardoso C., Lopez-Raez J. A., Matusova R., Bours R., Verstappen F., 
Bouwmeester H. (2011). Physiological effects of the synthetic strigolactone analog 
GR24 on root system architecture in Arabidopsis: another belowground role for 
strigolactones? Plant Physiology 155: 721-734. 
305. Brewer P. B.,  Koltai H.,  Beveridge C. A. (2013). Diverse roles of strigolactones in 
plant development. Molecular Plant 6: 18-28. 
306. Koltai H.,  Dor E.,  Hershenhorn J., Joel D. M., Weininger S., Lekalla S., Shealtiel H., 
Bhattacharya C., Eliahu E., Resnick N., Barg R., Kapulnik Y. (2010). Strigolactones’ 
effect on root growth and root-hair elongation may be mediated by auxin-efflux 




307. Olivoto T., Nardino M., Carvalho I. R., Follmann D. N., Szareski V. J., Ferrari M., de 
Pelegrin A. J., and de Souza V. Q. (2017). Plant secondary metabolites and its 
dynamical systems of induction in response to environmental factors: A review. 
African Journal of Agricultural Research 12(2):71-84. DOI: 
10.5897/AJAR2016.11677 
308. Verpoorte R., van der Heijden R., ten Hoopen H., Memelink J. (1999). Metabolic 
engineering of plant secondary metabolite pathways for the production of fine 
chemicals. Biotechnology Letters 21: 467–479. DOI: 10.1023/A:1005502632053 
309. de Andrade S. A. L., Domingues A. P., Mazzafera P. (2015). Photosynthesis is induced 
in rice plants that associate with arbuscular mycorrhizal fungi and are grown under 
arsenate and arsenite stress. Chemosphere 134: 141–149. 
310. Schliemann W., Ammer C., Strack D. (2008). Metabolic profiling of mycorrhizal roots 
of Medicago truncatula. Phytochemistry 69: 112–146. 
311. French K. E. (2017). Engineering Mycorrhizal Symbioses to Alter Plant Metabolism 
and Improve Crop Health. Frontiers in Microbiology 8: 1403. DOI: 
10.3389/fmicb.2017.01403 
312. Berta G., Sgorbati S., Soler V., Fusconi A., Trotta A., Citterio A., Bottone M. G., 
Sparvoli E., Scannerini S. (1990), Variations in chromatin structure in host nuclei of a 
vesicular arbuscular mycorrhiza. New Phytologist, 114: 199-205. DOI: 
10.1111/j.1469-8137.1990.tb00391.x 
313. Gianinazzi-Pearson V. (1996). Plant Cell Responses to Arbuscular Mycorrhizal Fungi: 
Getting to the roots of the Symbiosis. The Plant Cell 8: 1871-1883. 
314. Lohse S., Schliemann W., Ammer C., Kopka J., Strack D., Fester T. (2005). 
Organisation and metabolism of plastids and mitochondria in arbuscular mycorrhizal 
roots of Medicago truncatula. Plant Physiol 139: 329–340. 
315. Smith S. E., Gianinazzi-Pearson V. (1988). Physiological Interactions Between 
Symbionts in Vesicular-Arbuscular Mycorrhizal Plants. Annual Review of Plant 




316. Berger S., Sinha A. K., and Roitsch T. (2007). Plant physiology meets phytopathology: 
plant primary metabolism and plant-pathogen interactions. J. Exp. Bot. 58 : 4019–
4026. doi: 10.1093/jxb/erm298 
317. Gaude N., Bortfeld S., Erban A., Kopka J., and Krajinski F. (2015). Symbiosis 
dependent accumulation of primary metabolites in arbuscule-containing cells. BMC 
Plant Biol. 15:234. DOI: 10.1186/s12870-015-0601-7 
318. Seró R., Núñez N., Núñez O., Camprubí A., Grases J. M., Saurina J., Moyano E., and 
Calvet C. (2019). Modified distribution in the polyphenolic profile of rosemary leaves 
induced by plant inoculation with an arbuscular mycorrhizal fungus. J Sci Food Agric 
99: 2966–2973. DOI: 10.1002/jsfa.9510 
319. Loussouarn M., Krieger-Liszkay A., Svilar L., Bily A., Birtic S. and Havaux M. (2017). 
Carnosic acid and carnosol, two major antioxidants of rosemary, act through different 
mechanisms. Plant Physiol 175: 1381–1394. 
320. López-Ráez J. A., Flors V., García J. M. and Pozo M, J. (2010). AM symbiosis alters 
phenolic acid content in tomato roots. Plant Signal Behav 5: 1138–1140.  
321. Rivero J., Gamir, J., Aroca R., Pozo M. J., & Flors V. (2015). Metabolic transition in 
mycorrhizal tomato roots. Frontiers in microbiology, 6: 598. DOI: 
10.3389/fmicb.2015.00598 
322. Pedone-Bonfim M. V. L., da Silva F. S. B., and Maia L. C. (2015). Production of 
secondary metabolites by mycorrhizal plants with medicinal or nutritional potential. 
Acta Physiol Plant 37: 27.  
323. Fernàndez et al. 2014 Fernández I., Merlos M., López-Ráez J. A., Martínez-Medina 
A., Ferrol N., Azcón C., Bonfante P., Flors V., Pozo M. J. (2014). Defense related 
phytohormones regulation in arbuscular mycorrhizal symbioses depends on the partner 
genotypes. J. Chem. Ecol. 40: 791–803. DOI: 10.1007/s10886-014-0473-6 
324. Rajeshkumar S., Nisha M. C., Selvaraj T. (2008). Variability in growth, nutrition and 
phytochemical constituents of Plectranthus amboricus (Lour) Spreng. As influenced 
by indigenous arbuscular mycorrhizal fungi. Maejo Int. J. Sci. Technol. 2: 431-439. 
92 
 
325. Avio L., Sbrana C., Giovannetti M., Frassinetti S. (2017). Arbuscular mycorrhizal 
fungi affect total phenolics content and antioxidant activity in leaves of oak leaf lettuce 
varieties. Scientia Horticulturae 224: 265–271. DOI: 10.1016/j.scienta.2017.06.022 
326. Kapoor R., Anand G., Gupta P., Mandal S. (2017). Insight into the mechanisms of 
enhanced production of valuable terpenoids by arbuscular mycorrhiza. Phytochem Rev 
16: 677–692. DOI: 10.1007/s11101-016-9486-9 
327. Baslam M., Esteban R., García-Plazaola J. I., Goicoechea N. (2013). Effectiveness of 
arbuscular mycorrhizal fungi (AMF) for inducing the accumulation of major 
carotenoids, chlorophylls and tocopherol in green and red leaf lettuces. Appl Microbiol 
Biotechnol 97: 3119–3128. DOI 10.1007/s00253-012-4526-x 
328. Lingua G., Bona E., Manassero P., Marsano F., Todeschini V., Cantamessa S., Copetta 
A., D’Agostino G., Gamalero E., Berta G. (2013). Arbuscular mycorrhizal fungi and 
plant growth-promoting Pseudomonas increases anthocyanin concentration in 
strawberry fruits (Fragaria x ananassa var. Selva) in conditions of reduced 
fertilization. Int. J. Mol. Sci. 14: 16207-16225. 
329. Sbrana C., Avio L., and Giovannetti M. (2014). Beneficial mycorrhizal symbionts 
affecting the production of health-promoting phytochemicals. Electrophoresis 35: 
1535–1546. DOI: 10.1002/elps.201300568 
330. Schweiger R., Müller R. (2015). Leaf metabolome in arbuscular mycorrhizal 
symbiosis. Curr Opin Plant Biol 26: 120–126. 
331. Vafadar F., Amooaghaie R., Otroshy M. (2014). Effects of plant-growth-promoting 
rhizobacteria and arbuscular mycorrhizal fungus on plant growth, stevioside, NPK, and 
chlorophyll content of Stevia rebaudiana. Journal of Plant Interactions 9(1): 128-136. 
DOI: 10.1080/17429145.2013.779035 
332. Oliveira R. S., Rocha I., Ma Y., Vosátka M., and Freitas H. (2016). Seed Coating with 
Arbuscular Mycorrhizal Fungi as an Ecotechnological Approach for Sustainable 
Agricultural Production of Common Wheat (Triticum aestivum L.). Journal Of 




333. Adolfsson L., Solymosi K., Andersson M. X., Keresztes Á., Uddling J., Schoefs B., 
Spetea C. (2015). Mycorrhiza Symbiosis Increases the Surface for Sunlight Capture 
in Medicago truncatula for Better Photosynthetic Production. PLoS ONE 10(1): 
e0115314. DOI: 10.1371/journal.pone.0115314 
334. Shtark O. Y., Puzanskiy R. K., Avdeeva G. S., Yurkov A. P., Smolikova G. N., 
Yemelyanov V. V., Kliukova M. S., Shavarda A. L., Kirpichnikova A. A., Zhernakov 
A. I., Afonin A. M., Tikhonovich I. A., Zhukov V. A., Shishova M. F. (2019). 
Metabolic alterations in pea leaves during arbuscular mycorrhiza development. PeerJ. 
7: e7495. DOI: 10.7717/peerj.7495. 
335. Ulrichs C., Fischer G., Büttner C., Mewis I. (2008). Comparison of lycopene, β-
carotene and phenolic contents of tomato using conventional and ecological 
horticultural practices, and arbuscular mycorrhizal fungi (AMF). Agron Colomb 26: 
40–46. 
336. Giovannetti M., Avio L., Barale R., Ceccarelli N., Cristofani R., Iezzi A., Mignolli F., 
Picciarelli P., Pinto B., Reali D., Sbrana C. (2012). Nutraceutical value and safety of 
tomato fruits produced by mycorrhizal plants. Br J Nutr 107(02): 242–251.  
337. Bona E., Lingua G., Monassero P., Cantamessa S., Marsano F., Todeschini V., Copetta 
A., D’Agostino G., Massa N., Avidano L., Gamalero E., Berta G. (2015). AM fungi 
and PGP pseudomonads increase flowering, fruit production, and vitamin content in 
strawberry grown at low nitrogen and phosphorus levels. Mycorrhiza 25: 181–193. 
DOI: 10.1007/s00572-014-0599-y 
338. Zubek S., Rola K., Szewezyk A., Majewska M. L., Tirnau K. (2015). Enhanced 
concentrations of elements and secondary metabolites in Viola tricolor L. induced by 
arbuscular mycorrhizal fungi. Plant Soil 390: 129–142. DOI: 10.1007/s11104-015-
2388-6 
339. Todeschini V., AitLahmidi N., Mazzucco E., Marsano F., Gosetti F., Robotti E., Bona 
E., Massa N., Bonneau L., Marengo E., Wipf D., Berta G. and Lingua G. (2018). 
Impact of Beneficial Microorganisms on Strawberry Growth, Fruit Production, 




340. Pedone-Bonfim M. V., Lins M. A., Coelho I. R., Santana A. S., Silva F. S., Maia L. C. 
(2013). Mycorrhizal technology and phosphorus in the production of primary and 
secondary metabolites in cebil (Anadenanthera colubrina (Vell.) Brenan) seedlings. J. 
Sci. Food Agric. 93, 1479e1484. DOI: 10.1002/jsfa.5919 
341. Andrade S. A. L., Malik S., Sawaya A. C. H. F., Bottcher A., Mazzafera P. (2013). 
Association with arbuscular mycorrhizal fungi influences alkaloid synthesis and 
accumulation in Catharanthus roseus and Nicotiana tabacum plants. Acta Physiol 
Plant 35: 867–880. 
342. Rozpądek P., Wężowicz K., Stojakowska A., Malarz J., Surówka E., Sobczyk Ł., 
Anielska T., Ważny R., Miszalski Z., Turnau K.  (2014). Mycorrhizal fungi modulate 
phytochemical production and antioxidant activity of Cichorium intybus L. 
(Asteraceae) under metal toxicity. Chemosphere 112: 217-224. 
DOI:10.1016/j.chemosphere.2014.04.023 
343. Ouzounidou G., Skiada V., Papadopoulou K. K., Stamatis N., Kavvadias V., 
Eleftheriadis E., & Gaitis F. (2015). Effects of soil pH and arbuscular mycorrhiza (AM) 
inoculation on growth and chemical composition of chia (Salvia hispanica L.) leaves. 
Braz J Bot 38: 487–495. 
344. Mandal S., Upadhyay S., Singh V. P., Kapoor R. (2015). Enhanced production of 
steviol glycosides in mycorrhizal plants: a concerted effect of arbuscular mycorrhizal 
symbiosis on transcription of biosynthetic genes. Plant Physiology and Biochemistry 
89: 100–106. 
345. de Lazzari Almeida C., Sawaya A. C. H. F., Andrade S. A. L. (2018). Mycorrhizal 
influence on the growth and bioactive compounds composition of two medicinal 
plants: Mikania glomerata Spreng. and Mikania laevigata Sch. Bip. ex Baker 
(Asteraceae). Brazilian Journal of Botany 41(1). DOI: 10.1007/s40415-017-0436-6 
346. Lone R., Shuab R., Khan S., Ahmad J., & Koul K. K. (2018). Influence of mycorrhizal 
inoculation on carrot growth, metabolites and nutrition. Journal of Plant Nutrition 
41(4): 432-444. DOI: 10.1080/01904167.2017.1385799 
347. Schweiger R., Baier M. C., Persicke M., Müller C. (2014). High specificity in plant 
leaf metabolic responses to arbuscular mycorrhiza. Nat Commun 5: 3886–3896. 
95 
 
348. Kapoor R., Giri B., Mukerji K. G. (2002). Glomus macrocarpum: a potential 
bioinoculant to improve essential oil quality and concentration in Dill (Anethum 
graveolens L.) and Carum (Trachyspermum ammi (Linn.) Sprague). World J Microbiol 
Biotechnol 18(5): 459–463. 
349. Kapoor R., Giri B., Mukerji K. G. (2002). Mycorrhization of coriander (Coriandrum 
sativum L.) to enhance the concentration and quality of essential oil. J Sci Food Agric 
82(4): 339–342. 
350. Kapoor R., Giri B., Mukerji K. G. (2004). Improved growth and essential oil yield and 
quality in Foeniculum vulgare mill on mycorrhizal inoculation supplemented with P-
fertilizer. Bioresour Technol 93(3): 307–311. 
351. Copetta A., Lingua G., Berta G. (2006). Effects of three AM fungi on growth, 
distribution of glandular hairs, and essential oil production in Ocimum basilicum L. 
var. Genovese. Mycorrhiza 16(7): 485–494. 
352. Bona E., Lingua G., and Todeschini V. (2016). Effect of bioinoculants on the quality 
of crops. In Bioformulations: For Sustainable Agriculture, eds N. K. Arora, S. Mehnaz, 
and R. Balestrini (New Delhi: Springer), 93–124. DOI: 10.1007/978-81-322-2779-3_5 
353. Sánchez-Roque Y., Pérez-Luna Y. C., and  Hernández R. B. (2018). Evaluation of the 
effect of arbuscular mycorrhizal fungi infection in three aromatic plants. Sustainability, 
Agri, Food and Environmental Research 6(1): 28-44. DOI: 10.7770/safer-V6N1-
art1330 
354. Piszczek P., Kuszewska K., Blaszkowski J., Sochacka-Obruśnik A., Stojakowska A., 
Zubek S. (2019). Associations between root-inhabiting fungi and 40 species of 
medicinal plants with potential applications in the pharmaceutical and biotechnological 
industries. Applied Soil Ecology 137: 69–77. DOI: 10.1016/j.apsoil.2019.01.018  
355. Blanke V., Renker C., Wagner M., Füllner K., Held M., Kuhn A. J., Buscot F. (2005). 
Nitrogen supply affects arbuscular mycorrhizal colonization of Artemisia vulgaris in a 
phosphate-polluted field site. New Phytol 166: 981–992. 
356. Ferreira F. S. J. (2007). Nutrient Deficiency in the Production of Artemisinin, 
Dihydroartemisinic Acid, and Artemisinic Acid in Artemisia annua L. J. Agric. Food 
Chem. 55: 1686-1694. 
96 
 
357. Ultra V. U. Y. Jr, Tanaka S., Sakurai K., & Iwasaki K. (2007). Arbuscular mycorrhizal 
fungus (Glomus aggregatum) influences biotransformation of arsenic in the 
rhizosphere of sunflower (Helianthus annuus L.). Soil Science and Plant 
Nutrition 53(4): 499-508. DOI: 10.1111/j.1747-0765.2007.00143.x 
358. Li J., Xiao T., Zhang Q., Dong M. (2013). Interactive effect of herbivory and 
competition on the invasive plant Mikania micrantha. PLoS ONE 8: e62608. DOI: 
10.1371/journal.pone.0062608 
359. Asensio D., Rapparini F., Penuelas J. (2012). AM fungi root colonization increases the 
production of essential isoprenoids vs. nonessential isoprenoids especially under 
drought stress conditions or after jasmonic acid application. Phytochemistry 77: 149–
161. 
360. Wallaart T. E., Pras N., Beekman A. C., Quax W. J. (2000). Seasonal variation of 
artemisinin and its biosynthetic precursors in plants of Artemisia annua of different 
geographical origin: proof for the existence of chemotypes. Planta Med. 66: 57–62. 
361. Fester T., Hause G. (2005). Accumulation of reactive oxigen species in arbuscular 
mycorrhizal roots. Mycorrhiza 15: 373–379. 
362. Welling M. T., Liu L., Rose T. J., Waters D. L. E., & Benkendorff K. (2016). 
Arbuscular mycorrhizal fungi: effects on plant terpenoid accumulation. Plant Biology 
18: 552–562. DOI:10.1111/plb.12408 
363. Floß D. S., Hause B., Lange P. R., Kuester H., Strack D., Walter M. H. (2008). Knock-
down of the MEP pathway isogene 1-deoxy-d-xylulose 5-phosphate synthase 2 inhibits 
formation of arbuscular mycorrhiza induced apocarotenoids, and abolishes normal 
expression of mycorrhiza-specific plant marker genes. The Plant Journal 56: 86–100. 
364. Bagheri S., Ebrahimi M. A., Davazdahemami S., Minooyi J. (2014). Terpenoids and 
phenolic compounds production of mint genotypes in response to mycorrhizal bio-
elicitors. Technical Journal of Engineering and Applied Sciences 4: 339–348. 
365. Farmer M. J., Li X., Feng G., Zhao B., Chatagnier O., Gianinazzi S., Gianinazzi-
Pearson V., van Tuinen D. (2007). Molecular monitoring of field-inoculated AMF to 
evaluate persistence in sweet potato crops in China. Applied Soil Ecology 35: 599–609. 
97 
 
366. Zeng Y., Guo L.-P., Chen B. D., Hao Z. P., Wang J.-Y., Huang L. Q., Yang G., Cui X. 
M., Yang L., Wu Z.  X., Chen M. L., Zhang Y. (2013). Arbuscular mycorrhizal 
symbiosis and active ingredients of medicinal plants: current research status and 
perspectives. Mycorrhiza 23: 253–265. 
367. Krishna H., Singh S. K., Sharma R. R., Khawale R. N., Grover M., Patel V.B. (2005). 
Biochemical changes in micropropagated grape (Vitis vinifera L.) plantlets due to 
arbuscular-mycorrhizal fungi (AMF) inoculation during ex vitro acclimatization. 
Scientia Horticulturae 106: 554–567. 
368. Sailo G. L., Bagyaraj D. J. (2005). Influence of different AM-fungi on the growth, 
nutrition and forskolin content of Coleus forskohlii. Mycological Research 109: 795–
798. 
369. Tian H., Drijber R., Li X., Miller D., Wienhold B. (2013). Arbuscular mycorrhizal 
fungi differ in their ability to regulate the expression of phosphate transporters in maize 
(Zea mays L.). Mycorrhiza 23: 507– 514. 
370. Vetrugno M., Uva M. G., Russo V., Iester M., Ciancaglini M., Brusini P., Centofanti 
M., Rossetti L. M. (2012). Oral administration of forskolin and rutin contributes to 
intraocular pressure control in primary open angle glaucoma patients under maximum 
tolerated medical therapy. Journal of Ocular Pharmacology and Therapeutics, 28, 
536–541. 
371. Kirby J., Keasling J.D. (2009). Biosynthesis of plant isoprenoids: perspectives for 
microbial engineering. Annual Review of Plant Biology 60: 335–355. 
372. Kumari S., Priya P., Misra G., Yadav G. (2013). Structural and biochemical 
perspectives in plant isoprenoid biosynthesis. Phytochemistry Reviews 12: 255–291. 
373. Czechowski T., Larson T. R., Catania T. M., Harvey D., Brown G. D., and Graham I. 
A. (2016). Artemisia annua mutant impaired in artemisinin synthesis demonstrates 
importance of nonenzymatic conversion in terpenoid metabolism. PNAS, 113(52): 
15150-15155. DOI: 10.1073/pnas.1611567113 
374. Walter M. H., Fester T., Strack D. (2000). Arbuscular mycorrhizal fungi induce the 
non-mevalonate methylerythritol phosphate pathway of isoprenoid biosynthesis 
98 
 
correlated with accumulation of the ‘yellow pigment’ and other apocarotenoids. The 
Plant Journal 21: 571–578. 
375. Strack D., Fester T. (2006). Isoprenoid metabolism and plastid reorganization in 
arbuscular mycorrhizal roots. New Phytologist 172: 22–34. 
376. Webb H., Lanfear R., Hamill J., Foley W. J., Kulheim C. (2013). The yield of essential 
oils in Melaleuca alternifolia (Myrtaceae) is regulated through transcript abundance of 
genes in the MEP pathway. PLoS One 8: e60631. 
377. Nair A., Kolet S. P., Thulasiram H. V., Bhargava S. (2015). Systemic jasmonic acid 
modulation in mycorrhizal tomato plants and its role in induced resistance against 
Alternaria alternata. Plant Biology 17: 625–631. 
378. Cazzonelli C. I., Pogson B. J. (2010). Source to sink: regulation of carotenoid 
biosynthesis in plants. Trends in Plant Science 15: 266–274. 
379. Zhang D., Sun W., Shi Y., Wu L., Zhang T., Xiang L. (2018). Red and Blue Light 
Promote the Accumulation of Artemisinin in Artemisia Annua L. Molecules 23(6): 
1329. DOI: 10.3390/molecules23061329  
380. Bick J. A., Lange B. M. (2003). Metabolic cross talk between cytosolic and plastidial 
pathways of isoprenoid biosynthesis: unidirectional transport of intermediates across 
the chloroplast envelope membrane. Archives of Biochemistry and Biophysics 415: 
146–154. 
381. Opik M., Vanatoa A., Vanatoa E., Moora M., Davison € J., Kalwij J., Reier U., Zobel 
M. (2010). The online database MaarjAM reveals global and ecosystemic distribution 
patterns in arbuscular mycorrhizal fungi (Glomeromycota). New Phytologist 188: 223–
241. 
382. Liu J., Maldonado-Mendoza I., Lopez-Meyer M., Cheung F., Town C. D., Harrison M. 
J. (2007). Arbuscular mycorrhizal symbiosis is accompanied by local and systemic 
alterations in gene expression and an increase in disease resistance in the shoots. The 
Plant Journal 50: 529–544. 
383. Amir H., Lagrange A., Hassaine N., Cavaloc Y. (2013). Arbuscular mycorrhizal fungi 
from New Caledonian ultramafic soils improve tolerance to nickel of endemic plant 
species. Mycorrhiza 23: 585–595. 
99 
 
384. Vejan P., Abdullah R., Khadiran T., Ismail S., and Boyce A. N. (2016). Role of Plant 
Growth Promoting Rhizobacteria in Agricultural Sustainability—A Review. 
Molecules 21, 573. DOI: 10.3390/molecules21050573 
385. Smith D. L., Gravel V., and Yergeau E. (2017). Editorial: Signaling in the 
Phytomicrobiome. Front. Plant Sci. 8: 611. DOI: 10.3389/fpls.2017.00611 
386. Glick B. R. (2012). Plant Growth-Promoting Bacteria: Mechanisms and Applications. 
Scientifica vol 2012, article ID 963401, 15 pages. DOI: 10.6064/2012/963401 
387. Backer R., Rokem J. S., Ilangumaran G., Lamont J., Praslickova D., Ricci E., 
Subramanian S. and Smith D. L. (2018). Plant Growth-Promoting Rhizobacteria: 
Context, Mechanisms of Action, and Roadmap to Commercialization of Biostimulants 
for Sustainable Agriculture. Front. Plant Sci. 9:1473. doi: 10.3389/fpls.2018.01473 
388. Glick B. R., Patten C. L., Holguin G., and Penrose D.M. (1999). Biochemical and 
genetic mechanisms used by plant growth-promoting bacteria. Imperial College Press, 
London. 
389. Martinez-Viveros O., Jorquera M. A., Crowley D.E., Gajardo G., Mora M. L. (2010). 
Mechanisms and practical considerations involved in plant growth promotion by 
rhizobacteria. J. Soil Sci. Plant Nutr. 10: 293–319. 
390. Zhang R., Vivanco J. M., and Shen Q. (2017). The unseen rhizosphere rootsoil-microbe 
interactions for crop production. Curr. Opin. Microbiol. 37: 8–14. DOI: 
10.1016/j.mib.2017.03.008 
391. Kaymak D.C. (2010). Potential of PGPR in agricultural innovations. In: Plant Growth 
and Health Promoting Bacteria. Maheshwari, D.K. (Ed). Springer-Verlag: 
Berlin/Heidelberg, Germany. 
392. Berg G., Rybakova D., Grube M., and Koberl M. (2016). The plant microbiome 
explored: implications for experimental botany. J. Exp. Bot. 67: 995–1002. DOI: 
10.1093/jxb/erv466 
393. Tilak K. V. B. R., Ranganayaki N., Pal K. K., Saxena A. K., Shekhar Nautiyal C., 
Mittal S., Tripathi A. K., and Johri B. N. (2005). Diversity of plant growth and soil 
health supporting bacteria. Current Science 89(1): 136-150. 
100 
 
394. Badri D. V., & Vivanco J. M. (2009). Regulation and function of root exudates. Plant, 
Cell & Environment 32(6): 666–681. 
395. Massalha, H., Korenblum, E., Tholl, D., and Aharoni, A. (2017). Small molecules 
below-ground: the role of specialized metabolites in the rhizosphere. Plant J. 90: 788–
807. DOI: 10.1111/tpj.13543 
396. Summuna B., Gupta S., Sheikh P.A. (2019). Plant Growth and Health Promoting 
Plant-Microbe Interactions. In: Plant Health Under Biotic Stress. Ansari R., 
Mahmood I. (eds), Springer, Singapore. DOI: 10.1007/978-981-13-6040-4_13 
397. Kamilova F., Kravchenko L. V., Shaposhnikov A. I., Azarova T., Makarova N., 
Lugtenberg B. (2006). Organic acids, sugars, and L-tryptophane in exudates of 
vegetables growing on stone wool and their effects on activities of rhizosphere bacteria. 
Mol Plant Microbe Interact 19(3): 250–256. 
398. Castro-Sowinski S., Herschkovitz, Okon Y., Jurkevitch E. (2007). Effects of 
inoculation with plant growth-promoting rhizobacteria on resident rhizosphere 
microorganisms. FEMS Microbiology Letters 276(1): 1–11. DOI: 10.1111/j.1574-
6968.2007.00878.x 
399. Kuiper I., Bloemberg G. V., Noreen S., Thomas-Oates J. E., Lugtenberg B. J. J. (2001). 
Increased uptake of putrescine in the rhizosphere inhibits competitive root colonization 
by Pseudomonas fluorescens strain WCS365. Mol Plant Microbe Interact 14(9): 1096–
1104. 
400. Alexandre G., Greer S. E., Zhulin I. B. (2000). Energy taxis is the dominant behavior 
in Azospirillum brasilense. J Bacteriol 182(21): 6042–6048. 
401. Babalola O. O. (2010). Beneficial bacteria of agricultural importance. Biotechnol. Lett. 
32: 1559–1570. DOI: 10.1007/s10529-010-0347-0 
402. Sivasakthi S., Usharani G., and Saranraj P. (2014). Biocontrol potentiality of plant 
growth promoting bacteria (PGPR)-Pseudomonas fluorescens and Bacillus subtilis: a 
review. Afr. J. Agric. Res. 9: 1265–1277. 
403. Son J. S., Sumayo M., Hwang Y. J., Kim B. S., Ghim S. Y. (2014). Screening of plant 
growth promoting rhizobacteria as elicitor of systemic resistance against grey leaf spot 
dieses in pepper. Appl. Soil Ecol. 73: 1–8. 
101 
 
404. Maheshwari D. K., Dubey R. C., Aeron A., Kumar B., Kumar S., Tewari S., Arora N. 
K. (2012). Integrated approach for disease management and growth enhancement of 
Sesamum indicum L. utilizing Azotobacter chroococcum TRA2 and chemical fertilizer. 
World J Microbiol Biotechnol 28: 3015-3024. 
405. Andreote F. D., and Pereira E. S. M. C. (2017). Microbial communities associated with 
plants: learning from nature to apply it in agriculture. Curr. Opin. Microbiol. 37: 29–
34. DOI: 10.1016/j.mib.2017.03.011 
406. Timmusk S., Behers L., Muthoni J., Muraya A., and Aronsson A. C. (2017). 
Perspectives and challenges of microbial application for crop improvement. Front. 
Plant Sci. 8: 49. DOI: 10.3389/fpls.2017.00049 
407. Glick B. R. (2020). Beneficial Plant-Bacterial Interactions. Springer International 
Publishing, Springer Nature Switzerland AG, XIV, 383. 
408. Viveros O. M., Jorquera M. A., Crowley D. E., Gajardo G., Mora M. L. (2010) 
Mechanisms and practical considerations involved in plant growth promotion by 
rhizobacteria. J Soil Sci Plant Nutr 10: 293-319. 
409. Gupta G., Parihar S. S., Ahirwar N. K., Snehi S. K., and Singh V. (2015). Plant growth 
promoting rhizobacteria (PGPR): current and future prospects for development of 
sustainable agriculture. J. Microb. Biochem. Technol. 7: 096–102. 
410. Ahemad M., and Kibret M. (2014). Mechanisms and applications of plant growth 
promoting rhizobacteria: current perspective. J. King Saud Univ. Sci. 26: 1–20. DOI: 
10.1016/j.jksus.2013.05.001 
411. Singh I. (2018). Plant Growth Promoting Rhizobacteria (PGPR) and their various 
mechanisms for plant growth enhancement in stressful conditions: a review. European 
Journal of Biological Research 8(4): 191-213. DOI: 10.5281/zenodo.1455995 
412. Riahi R., Cherif H., Miladi S., Neifar M., Bejaoui B., Chouchane H., Masmoudi A. S., 
Cherif A. (2020). Use of plant growth promoting bacteria as an efficient 
biotechnological tool to enhance the biomass and secondary metabolites production of 
the industrial crop Pelargonium graveolens L'Hér. under semi-controlled conditions. 
Industrial Crops & Products 154: 112721. DOI: 10.1016/j.indcrop.2020.112721 
102 
 
413. Nadeem S. M., Ahmad M., Zahir Z. A., Javaid A., and Ashraf M. (2014). The role of 
mycorrhizae and plant growth promoting rhizobacteria (PGPR) in improving crop 
productivity under stressful environments. Biotechnol. Adv. 32: 429–448. DOI: 
10.1016/j.biotechadv.2013.12.005 
414. van Loon L. C., Bakker P., and Pieterse C. M. J. (1998). Systemic resistance induced 
by rhizosphere bacteria. Annual Review of Phytopathology 36: 453-483. 
415. Ramamoorthy V., Viswanathan R., Raguchander T., Prakasam V., Samiyappan R. 
(2001). Induction of systemic resistance by plant growth promoting rhizobacteria in 
crop plants against pests and diseases. Crop Protection 20(1): 1-11. DOI: 
10.1016/S0261-2194(00)00056-9 
416. Minorsky P. V. (2008). On the Inside. Plant Physiology, 147(2): 439–440. DOI: 
10.1104/pp.104.900263 
417. Saravanakumar D., Samiyappan R. (2007). ACC deaminase from Pseudomonas 
fluorescens mediated saline resistance in groundnut (Arachis hypogea) plants. J Appl 
Microbiol. 102(5): 1283-92. DOI: 10.1111/j.1365-2672.2006.03179.x 
418. Egamberdieva D., Shrivastava S., Varma A. (2015). Plant-Growth-Promoting 
Rhizobacteria (PGPR) and Medicinal Plants. Soil Biology vol. 42. ISSN 2196-4831 
(electronic). Springer Cham Heidelberg New York Dordrecht London. DOI: 
10.1007/978-3-319-13401-7 
419. Zehnder G. W., Murphy J. F., Sikora E. J., Kloepper J. W. (2001). Application of 
Rhizobacteria for Induced Resistance. European Journal of Plant Pathology 107: 39–
50. DOI: 10.1023/A:1008732400383 
420. Ruzzi M., and Aroca R. (2015). Plant growth-promoting bacteria act as biostimulants 
in horticulture. Scientia Horticulturae 196: 124-134. 
421. Yildirim E., Karlidag H., Turan M., Dursun A., Goktepe F. (2011). Growth, nutrient 
uptake and yield promotion of Broccoli by plant growth promoting rhizobacteria with 
manure. Hort Science 46: 932–936. 
422. Tanwar A., Aggarwal A., Parkash V. (2014). Effect of bioinoculants and 
superphosphate fertilizer on the growth and yield of broccoli (Brassica oleracea L. var. 
italica Plenck). New Zealand J. Crop Horticult. Sci. 42 (4): 288–302. 
103 
 
423. Fasciglione G., Casanovas E. M., Yommi A., Sueldo R. J., Barassi C. A. (2012). 
Azospirillum improves lettuce growth and transplant under saline conditions. J. Sci. 
Food Agric. 92, 2518–2523. 
424. Mangmang J. S., Deaker R., Rogers G. (2015a). Germination characteristics of 
cucumber influenced by plant growth promoting Rhizobacteria. Int. J. Veg. Sci., 22(1): 
66-75. DOI: 10.1080/19315260.2014.938850   
425. Mangmang J. S., Deaker R., Rogers G. (2015b). Early seedling growth response of 
lettuce, tomato and cucumber to Azospirillum brasilense inoculated by soaking and 
drenching. Hortic. Sci. 42: 37–46. 
426. Kokalis-Burelle N., Vavrina C. S., Rosskopf E. N., Shelby R. A. (2002). Field 
evaluation of plant growth-promoting rhizobacteria amended transplant mixes and soil 
solarization for tomato and pepper production in Florida. Plant Soil 238: 257–266. 
427. Paul D., Sarma Y. (2006). Antagonistic effects of metabolites of Pseudomonas 
fluorescens strains on the different growth phases of Phytophthora capsici, foot rot 
pathogen of black pepper (Piper nigrum L.). Arch. Phytopathol. Plant Protect. 39: 
311–314. 
428. Lim J. H., Kim S. D. (2013). Induction of drought stress resistance by multi-functional 
PGPR Bacillus licheniformis K11 in pepper. plant. Pathol. J. 29 : 201–208. 
429. Aslantas R., Cakmakci R., Sahin F. (2007). Effect of plant growth promoting 
rhizobacteria on young apple tree growth and fruit yield under orchard conditions. Sci. 
Hortic. 111: 371–377. 
430. Karlidag H., Esitken A., Turan M., Sahin F. (2007). Effects of root inoculation of plant 
growth promoting rhizobacteria (PGPR) on yield, growth and nutrient element contents 
of leaves of apple. Sci. Hortic. 114: 16–20. 
431. Ryu C. M., Shin J. N., Qi W., Ruhong M., Kim E. J., Pan J. G. (2011). Potential for 
augmentation of fruit quality by foliar application of bacilli spores on apple tree. Plant 
Pathol. J. 27: 164–169. 
432. Esitken A., Karlidag H., Ercisli S., Sahin F. (2002). Effects of foliar application of 
Bacillus substilis Osu-142 on the yield, growth and control of shot-hole disease 
(Coryneum blight) of apricot. Gartenbauwissenschaft 67: 139–142.  
104 
 
433. Esitken A., Karlidag H., Ercisli S., Turan M., Sahin F. (2003). The effect of spraying 
a growth promoting bacterium on the yield, growth and nutrient element composition 
of leaves of apricot (Prunus armeniaca L. cv. Hacihaliloglu). Aust. J. Agric. Res. 54: 
377–380. 
434. Kavino M., Harish S., Kumar N., Saravanakumar D., Samiyappan R. (2010). Effect of 
chitinolytic PGPR on growth, yield and physiological attributes of banana (Musa spp.) 
under field conditions. Appl. Soil Ecol. 45: 71–77. 
435. Esitken A., Pirlak L., Turan M., Sahin F. (2006). Effects of floral and foliar application 
of plant growth promoting rhizobacteria (PGPR) on yield, growth and nutrition of 
sweet cherry. Sci. Hortic. 110: 324–327. 
436. Sabir A. (2013). Improvement of grafting efficiency in hard grafting grape Berlandieri 
hybrid rootstocks by plant growth-promoting rhizobacteria (PGPR). Sci. Hortic. 164: 
24–29. 
437. Erturk Y., Cakmakci R., Duyar O., Turan M. (2011). The effects of plant growth 
promotion rhizobacteria on vegetative growth and leaf nutrient contents of hazelnut 
seedlings (Turkish hazelnut cv, Tombul and Sivri). Int. J. Soil Sci. 6: 188–198. 
438. Erturk Y., Ercisli S., Haznedar A., Cakmakci R. (2010). Effects of plant growth 
promoting rhizobacteria (PGPR) on rooting and root growth of kiwifruit (Actinidia 
deliciosa) stem cuttings. Biol. Res. 43: 91–98. 
439. Ipek M., Pirlak L., Esitken A., Dönmez M. F., Turan M., Sahin, F. (2014). Plant 
growth-promoting rhizobacteria (PGPR) increase yield, growth and nutrition of 
strawberry under high-calcareous soil conditions. J. Plant Nutr. 37: 990–1001. 
440. Göre E. M., Altin N. (2006). Growth promoting of some ornamental plants by root 
treatment with specific fluorescent Pseudomonads. J. Biol. Sci. 6: 610–615. 
441. Yuen G. Y., Schroth M. N. (1986). Interactions of Pseudomonas fluorescens strain E6 
with ornamental plants and its effect on the composition of root-colonizing microflora. 
Phytopatology 76: 176–180. 
442. El-Mokadem E., Mona S. (2014). Effect of bio and chemical fertilizers on growth and 
flowering of Petunia hybrida Plants. Am. J. Plant Physiol. 9: 68–77. 
105 
 
443. Damodaran T., Rai R. B., Jha S. K., Kannan R., Pandey B. K., Sah V., Mishra V. K., 
Sharma D. K. (2014). Rhizosphere and endophytic bacteria for induction of salt 
tolerance in gladiolus grown in sodic soils. J. Plant Interact. 9: 577–584. 
444. Qasim M., Younis A., Zahir Z. A., Riaz A., Raza H., Tariq U. (2014). Microbial 
inoculation increases the nutrient uptake efficiency for quality production of Gladiolus 
grandiflorus. Pak. J. Agri. Sci. 51: 875–880. 
445. Jayamma N., Naik N. M., Jagadeesh K. S. (2014). Influence of biofertilizer application 
on growth, yield and quality parameters of Jasmine (Jasminum auriculatum). In: 
Proceeding of International Conference on Food, Biological and Medical Sciences. 
Bangkok, Thailand, pp. 28–30. DOI: 10.15242/IICBE.C0114572. 
446. Larraburu E. E., Carletti S. M., Rodríguez Cáceres E. A., Llorente B. E. (2007). 
Micropropagation of photinia employing rhizobacteria to promote root development. 
Plant Cell Rep. 26: 711–717.  
447. Larraburu E. E., Llorente B. E. (2015). Azospirillum brasilense enhances in vitro 
rhizogenesis of Handroanthus impetiginosus (pink lapacho) in different culture media. 
Ann. For. Sci. 72: 219–229. 
448. Sharp R. G., Chen L., Davies W. J. (2011). Inoculation of growing media with the 
rhizobacterium Variovorax paradoxus 5C-2 reduces unwanted stress responses in 
hardy ornamental species. Sci. Hortic. 129: 804–811. 
449. Richardson A. E., Barea J. M., McNeill A. M., Prigent-Combaret C. (2009). 
Acquisition of phosphorus and nitrogen in the rhizosphere and plant growth promotion 
by microorganisms. Plant Soil 321: 305–339. 
450. Chamam A., Sanguin H., Bellvert F., Meiffren G., Comte G., Wisniewski-Dyé F., 
Bertrand C., Prigent-Combaret C. (2013). Plant secondary metabolite profiling 
evidences strain-dependent effect in the Azospirillum–Oryza sativa association. 
Phytochemistry 87: 65–77. DOI: 10.1016/j.phytochem.2012.11.009 
451. Sasaki K., Ikeda S., Eda S., Mitsui H., Hanzawa E., Kisara C., Kazama Y., Kushida 
A., Shinano T., Minamisawa K., Sato T. (2010). Impact of plant genotype and nitrogen 
level on rice growth response to inoculation with Azospirillum sp. strain B510 under 
paddy field conditions. Soil Sci. Plant Nutr. 56: 636–644. 
106 
 
452. Veresoglou S. D., Menexes G. (2010). Impact of inoculation with Azospirillum spp. on 
growth properties and seed yield of wheat: a meta-analysis of studies in the ISI Web 
of Science from 1981 to 2008. Plant Soil 337: 469–480. 
453. Vargas L., de Carvalho T. L. G., Ferreira P. C. G., Baldani V. L. D., Baldani J. I., 
Hemerly A. S. (2012). Early responses of rice (Oryza sativa L.) seedlings to inoculation 
with beneficial diazotrophic bacteria are dependent on plant and bacterial genotypes. 
Plant Soil 356: 127–137. 
454. García de Salamone I. E., Di Salvo L. P., Escobar Ortega J. S., Boa Sorte M. P., 
Urquiaga S., Dos Santos Teixeira K. R. (2010). Field response of rice paddy crop to 
inoculation with Azospirillum: physiology of rhizosphere bacterial communities and 
the genetic diversity of endophytic bacteria in different parts of the plants. Plant Soil 
336: 351–362. 
455. Marulanda-Aguirre A., Azcón R., Ruiz-Lozano J. M.. & Aroca R. (2008). Differential 
Effects of a Bacillus megaterium Strain on Lactuca sativa Plant Growth Depending on 
the Origin of the Arbuscular Mycorrhizal Fungus Coinoculated: Physiologic and 
Biochemical Traits. J Plant Growth Regul 27, 10. DOI: 10.1007/s00344-007-9024-5 
456. del Rosario Cappellari L., Santoro M. V., Nievas F., Giordano W., Banchio E. (2013). 
Increase of secondary metabolite content in marigold by inoculation with plant growth-
promoting rhizobacteria. Applied Soil Ecology 70: 16–22. DOI: 
10.1016/j.apsoil.2013.04.001 
457. Pagnani G., Pellegrini M., Galieni A., D’Egidio S., Matteucci F., Ricci A., Stagnari F., 
Sergi M., Lo Sterzo C., Pisante M., Del Gallo M. (2018). Plant growth-promoting 
rhizobacteria (PGPR) in Cannabis sativa ‘Finola’ cultivation: An alternative 
fertilization strategy to improve plant growth and quality characteristics. Industrial 
Crops & Products 123: 75–83. DOI: 10.1016/j.indcrop.2018.06.033  
458. Korenblum E., and Aharoni A. (2019). Phytobiome metabolism: beneficial soil 
microbes steer crop plants’ secondary metabolism. Pest Manag Sci 75: 2378–2384. 
459. Arora M., Saxena P., Abdin M. Z., Varma A. (2020). Interaction 
between Piriformospora indica and Azotobacter chroococcum diminish the effect of 
107 
 
salt stress in Artemisia annua L. by enhancing enzymatic and non-enzymatic 
antioxidants. Symbiosis 80: 61–73. DOI: 10.1007/s13199-019-00656-w 
460. Mehnaz, S. (2016). An overview of globally available bioformulations In: 
Bioformulations: For Sustainable Agriculture, eds N. K. Arora, S. Mehnaz, and R. 
Balestrini (Berlin: Springer), 267–281. 
461. Kuan K. B., Othman R., Abdul Rahim K., Shamsuddin Z.H. (2016). Plant growth-
promoting rhizobacteria inoculation to enhance vegetative growth, nitrogen fixation 
and nitrogen remobilization of maize under greenhouse conditions. PloS One 11, 
e0152478. 
462. Tsukanova K. A., Chebotar V. K., Meyer J. J. M., Bibikova T. N. (2017). Effect of 
plant growth-promoting Rhizobacteria on plant hormone homeostasis. South African 
Journal of Botany 113 (2017) 91–102. DOI: 10.1016/j.sajb.2017.07.007 0 
463. Arora N. K., Tewari S., Singh S., Lal N., Maheshwari D. K. (2012). PGPR for 
protection of plant health under saline conditions. In: Maheshwari DK (ed.) Bacteria 
in agrobiology: Stress management, pp. 239-258. 
464. Bender S. F., Wagg C., and Van Der Heijden M. G. (2016). An underground 
revolution: biodiversity and soil ecological engineering for agricultural sustainability. 
Trends Ecol. Evol. 31, 440–452. DOI: 10.1016/j.tree.2016.02.016 
465. Gaby J. C., Buckley D. H. (2012). A comprehensive evaluation of PCR primers to 
amplify the nifH gene of nitrogenase. PLoS One 7: e42149. 
466. Bashan Y., and de-Bashan L. E. (2015). “Inoculant preparation and formulations for 
azospirillum spp,” in Handbook for Azospirillum, eds F. D. Cassán, Y. Okon, and C. 
M. Creus (Berlin: Springer), 469–485. 
467. Beattie G. A. (2015). Microbiomes: curating communities from plants. Nature 528: 
340–341. DOI: 10.1038/nature16319 
468. Khan M. S., Zaidi A., Ahemad M., Oves M., Wani P. A. (2010). Plant growth 
promotion by phosphate solubilizing fungi - current perspective. Arch Agron Soil Sci 
56: 73-9. 
469. Ahemad M. (2015). Phosphate-solubilizing bacteria-assisted phytoremediation of 
metalliferous soils: a review. Biotech 5, 111–121. DOI: 10.1007/s13205-014- 0206-0 
108 
 
470. Lavakush Y. J., Verma J. P., Jaiswal D. K., Kumar A. (2014). Evaluation of PGPR and 
different concentration of phosphorous level on plant growth, yield and nutrient content 
of rice (Oryza sativa). Ecol. Eng. 62, 123–128. 
471. Rijavec T., and Lapanje A. (2016). Hydrogen cyanide in the rhizosphere: not 
suppressing plant pathogens, but rather regulating availability of phosphate. Front. 
Microbiol. 7: 1785. DOI: 10.3389/fmicb.2016.01785 
472. Sharma S. B., Sayyed R. Z., Trivedi M. H., Gobi T.A. (2013). Phosphate solubilizing 
microbes: sustainable approach for managing phosphorus deficiency in agricultural 
soils. Springerplus 2: 587. 
473. Bhattacharyya P. N., Jha D. K. (2012). Plant growth-promoting rhizobacteria (PGPR): 
emergence in agriculture. World J Microbiol Biotechnol 28: 1327- 1350. 
474. Mittal P., Kamle M., Sharma S., Choudhary P., Rao D. P., and Kumar P. (2017). 
Chapter 22 – Plant Growth-Promoting Rhizobacteria (PGPR): Mechanism, Role in 
Crop Improvement and Sustainable Agriculture. In Advances in PGPR Research. 
Singh H. B., Sarma B. K. and Keswani C. (eds.). CAB International. 
475. Singh H. B., Sarma B. K., Keswani C. (2017). Advances in PGPR Research. CAB 
International. 
476. Aeron A., Khare,E., Jha C. K., Meena V. S., Aziz S. M. A., Islam M. T., Kim K., 
Meena S. K., Pattanayak A., Rajashekara H., Dubey R. C., Verma R., Meena H. N., 
Subbanna A. R. N. S., Parihar M., Shukla S., Muthusamy G., Bana R. S., Bajpai V. K., 
Han Y. K., Rahman M., Kumar D., Sing N. P., Meena R. K. (2020). Revisiting the 
plant growth-promoting rhizobacteria: lessons from the past and objectives for the 
future. Arch Microbiol 202: 665–676. DOI:10.1007/s00203-019-01779-w 
477. Parmar P., Sindhu S. S. (2013). Potassium Solubilization by Rhizosphere Bacteria: 
Influence of Nutritional and Environmental Conditions. J Microbiol Res 3: 25-31. 
478. Han H. S., Lee K. D. (2006). Effect of co-inoculation with phosphate and potassium 
solubilizing bacteria on mineral uptake and growth of pepper and cucumber. Plant Soil 
Environ 52: 130-136. 
479. Meena V. S., Maurya B. R., Verma J. P. (2014) Does a rhizospheric microorganism 
enhance K+ availability in agricultural soils? Microbiol Res 169: 337–347. 
109 
 
480. Liu D., Lian B., Dong H. (2012). Isolation of Paenibacillus sp. and assessment of its 
potential for enhancing mineral weathering. Geomicrobiology J 29: 413-421. 
481. Hider R. C., and Kong X. (2010). “Chemistry and biology of siderophores”. Natural 
Product Reports, 27(5): 637–657. 
482. Arora N. K., Tewari S., Singh R. (2013). Multifaceted Plant-Associated Microbes and 
Their Mechanisms Diminish the Concept of Direct and Indirect PGPRs. In: Plant 
Microbe Symbiosis: Fundamentals and Advances. Arora N. K. (ed.). Springer, 411-
449. 
483. Zhou D., Huang X. F., Chaparro J. M., Badri D. V., Manter D. K., Vivanco J. M., Guo 
J. (2016). Root and bacterial secretions regulate the interaction between plants and 
PGPR leading to distinct plant growth promotion effects. Plant Soil 401:2 59–272. 
DOI: 10.1007/s11104-015-2743-7 
484. Ma J. F. (2005). Plant root responses to three abundant soil minerals: silicon, aluminum 
and iron. Crit Rev Plant Science 24: 267-281. 
485. Cornelis P. (2010). Iron uptake and metabolism in pseudomonads. Appl Microbiol 
Biotechnol 86: 1637-1645. 
486. Sharma A., Johri B. N., Sharma A. K. and Glick B.R. (2003). Plant growth-promoting 
bacterium Pseudomonas sp. strain GRP3 infuences iron acquisition in mung bean 
(Vigna radiata L. Wilzeck). Soil Biol Biochem 35: 887-894. 
487. Sujatha N., Ammani K. (2013). Siderophore production by the isolates of fluorescent 
Pseudomonads. Int J Cur Res Rev 5: 1-7. 
488. Vansuyt G., Robin A., Briat J. F., Curie C., and Lemanceau P. (2007). Iron acquisition 
from Fe-pyoverdine by Arabidopsis thaliana. Molecular Plant-Microbe Interactions 
20(4): 441– 447. 
489. Zhu D., Ouyang L., Xu Z., Zhang L. (2015). Rhizobacteria of Populus euphratica 
promoting plant growth against heavy metals. International Journal of 
Phytoremediation 17: 973–980. 
490. Somers E., Vanderleyden J., Srinivasan M. (2004). Rhizosphere bacterial signalling: 
A love parade beneath our feet. Crit. Rev. Microbiol. 30: 205–240. 
110 
 
491. Tanimoto E. (2005). Regulation and root growth by plant hormones-roles for auxins 
and gibberellins. Crit. Rev. Plant Sci. 24: 249–265. 
492. Jha K. C., and Saraf M. (2015). Plant growth promoting Rhizobacteria (PGPR): a 
review. Journal of Agricultural Research and Development 5(2): 0108-0119. 
493. Hayat R., Ali S., Amara U. (2010). Soil beneficial bacteria and their role in plant 
growth promotion: A review. Ann. Microbiol. 60: 579–598. 
494. Vacheron J., Desbrosses G., Bouffaud M. L., Touraine B., Moenne-Loccoz Y., Muller 
D., Legendre L., Wisniewski-Dyé F., Prigent-Combaret C. (2013). Plant growth-
promoting rhizobacteria and root system functioning. Front. Plant Sci. 4: 356. doi: 
10.3389/fpls.2013.00356 
495. Miransari M., Smith D. L. (2014). Plant hormones and seed germination. 
Environmental and Experimental Botany 99: 110- 121. 
496. Ali B. (2015). Bacterial auxin signalling: comparative study of growth induction in A. 
thaliana and Triticum aestivum. Turkish Journal of Botany 39: 1–9. 
497. Vessey J. K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant Soil 
255: 571-586. 
498. Poupin M. J., Greve M., Carmona V., Pinedo I. (2016). A complex molecular interplay 
of auxin and ethylene signaling pathways is involved in Arabidopsis growth promotion 
by Burkholderia phytofirmans PsJN. Frontiers in Plant Science 7, 492. 
499. Casanova-Sáez R., Voß U. (2019). Auxin Metabolism Controls Developmental 
Decisions in Land Plants. Trends Plant Sci. 24(8):741-754. DOI: 
10.1016/j.tplants.2019.05.006. 
500. Tsavkelova E. AKlimova., S. YCherdyntseva., T. A., and Netrusov A. I. (2006). 
Microbial producers of plant growth stimulators and their practical use: a review. 
Applied Biochemistry and Microbiology 42(2): 117–126. 
501. Spaepen S., Vanderleyden J. (2011). Auxin and plant-microbe interactions. Cold 
Spring Harb Perspect Biol 3: a001438. 
502. Boivin S., Fonouni-Farde C., Frugier F. (2016). How auxin and cytokinin 




503. Etesami H. A., Alikhani H. A., Akbari A. (2009). Evaluation of plant growth hormones 
production (IAA) ability by Iranian soils rhizobial strains and effects of superior strains 
application on wheat growth indexes. World Appl Sci J 6: 1576-1584. 
504. Shilev S. (2013). Soil Rhizobacteria Regulating the Uptake of Nutrients and 
Undesirable Elements by Plants. In: Arora N. K. (ed.) Plant Microbe Symbiosis: 
Fundamentals and Advances. Springer, India, 147-50. 
505. Lorteau M. A., Ferguson B. J., and Guinel F. C. (2001). Effects of cytokinin on 
ethylene production and nodulation in pea (Pisum sativum) cv. Sparkle. Physiologia 
Plantarum 112(3): 421–428. 
506. Joo G. J., Kim Y. M., Kim J. T., Rhee I. K., Kim J. H., and Lee I. J. (2005). 
Gibberellins-producing rhizobacteria increase endogenous gibberellins content and 
promote growth of red peppers. Journal of Microbiology 43(6): 510–515. 
507. Kang S. M., Joo G. J., Hamayun M., Na C. I., Shin D. H., Kim H. Y., Hong J. K., Lee 
I. J. (2009). Gibberellin production and phosphate solubilization by newly isolated 
strain of Acinetobacter calcoaceticus and its effect on plant growth. Biotechnology 
Letters 31(2): 277–281. 
508. Urbanova T., Leubner-Metzger G., (2016). Gibberellins and seed germination. Annual 
Plant Reviews 49: 253–284. 
509. Martinez C., Espinosa-Ruiz A., Prat S. (2016). Gibberellins and plant vegetative 
growth. Annual Plant Reviews 49: 285–322. 
510. Wang G.L., Que F., Xu Z. S., Wang F., Xiong A. S. (2015). Exogenous gibberellin 
altered morphology, anatomic and transcriptional regulatory networks of hormones in 
carrot root and shoot. BMC Plant Biology 15, 290. 
511. Plackett A. R. G., Wilson Z. A. (2016). Gibberellins and plant reproduction. Annual 
Plant Reviews 49: 323–358. 
512. Khan A. L., Waqas M., Kang S. M. (2014). Bacterial endophyte Sphingomonas sp. 
LK11 produces gibberellins and IAA and promotes tomato plant growth. J. Microbiol. 
52: 689–695. 
513. Schaller G.E., Street I. H., Kieber J. J. (2014). Cytokinin and the cell cycle. Current 
Opinion in Plant Biology 21: 7–15. 
112 
 
514. Schaller G. E., Bishopp A., Kieber J. J. (2015). The yin-yang of hormones: cytokinin 
and auxin interactions in plant development. Plant Cell 27: 44–63. 
515. Riefler M., Novak O., Strnad M., Schmülling T. (2006). Arabidopsis cytokinin receptor 
mutants reveal functions in shoot growth, leaf senescence, seed size, germination, root 
development, and cytokinin metabolism. Plant Cell 18: 40–54. 
516. Olanrewaju O. S., Glick B. R., Babalola O. O. (2017). Mechanisms of action of plant 
growth promoting bacteria. World J Microbiol Biotechnol 33: 197. DOI: 
10.1007/s11274-017-2364-9 
517. Ahmad M., Zahir Z. A., Khalid M. (2013). Efficacy of Rhizobium and Pseudomonas 
strains to improve physiology, ionic balance and quality of mung bean under salt-
affected conditions on farmer’s fields. Plant Physiol. Biochem. 63: 170–176. 
518. Jackson M. B. (1991). Ethylene in root growth and development. In The Plant 
Hormone Ethylene. Matoo, A.K., Suttle, J.C., Eds.; CRC Press: Boca Raton, FL, USA, 
pp. 159–181. 
519. Glick B. R. (2014). Bacteria with ACC deaminase can promote plant growth and help 
to feed the world. Microbiol. Res. 169: 30–39. 
520. Vurukonda S. S. K. P., Giovanardi D., and Stefani E. (2018). Plant Growth Promoting 
and Biocontrol Activity of Streptomyces spp. as Endophytes. Int. J. Mol. Sci. 19(4): 
952. DOI: 10.3390/ijms19040952 
521. Ramakrishna W., Yadav R., Li K. (2019). Plant growth promoting bacteria in 
agriculture: Two sides of a coin. Applied Soil Ecology 138: 10–18. DOI: 
10.1016/j.apsoil.2019.02.019  
522. Loper J. E., Gross H. (2007). Genomic analysis of antifungal metabolite production by 
Pseudomonas fluorescens Pf-5. Eur J Plant Pathol 119: 265-278. 
523. Compant S., Reiter B., Sessitsch A., Nowak J., Clément C., Barka A. S. (2005). 
Endophytic colonization of Vitis vinifera L. by plant growth-promoting bacterium 
Burkholderia sp. strain 45. PsJN. Appl Environ Microbiol 71: 1685-1693. 
524. de Souza J. T., Weller D. M., Raaijmakers J. M. (2003). Frequency, diversity and 
activity of 2, 4-diacetylphloroglucinol producing fluorescent Pseudomonas spp. in 
Dutch take-all decline soils. Phytopathol 93: 54-63. 
113 
 
525. Sacherer P., Défago G., Haas D. (1994). Extracellular protease and phospholipase C 
are controlled by the global regulatory gene gacA in the biocontrol strain Pseudomonas 
fluorescens CHA0. FEMS Microbiol Lett 116: 155-160. 
526. Lanteigne C., Gadkar V. J., Wallon T., Novinscak A., Filion M. (2012). Production of 
DAPG and HCN by Pseudomonas sp. LBUM300 contributes to the biological control 
of bacterial canker of tomato. Phytopathology 102: 967-973. 
527. Kumari B., Hora A., and Mallick M. A. (2017). Stimulatory effect of PGPR (Plant 
Growth Promoting Rhizospheric Bacteria) on Medicinal and Growth properties of a 
potential medicinal herb Chlorophytum borivilianum: A review. Jour Pl Sci Res 33 (2): 
151-156. 
528. Arora N. K., Khare E., Oh J. H. (2008). Diverse mechanisms adopted by Pseudomonas 
fluorescent PGC2 during the inhibition of Rhizoctonia solani and Phytophthora 
capsici. World J. Microbiol. Biotechnol. 24: 581–585. 
529. Kumar H., Bajpai V. K., Dubey R. C. (2010). Wilt disease management and 
enhancement of growth and yield of Cajanus cajan (L) var. Manak by bacterial 
combinations amended with chemical fertilizer. Crop Protect. 29: 591–598. 
530. Kim Y. C., Jung H., Kim K. Y., and Park S. K. (2008). An effective biocontrol 
bioformulation against Phytophthora blight of pepper using growth mixtures of 
combined chitinolytic bacteria under different field conditions. European Journal of 
Plant Pathology 120(4): 373–382. 
531. Nadeem S. M., Naveed M., Zahir Z. A., Asghar H. N. (2013). Plant-Microbe 
Interactions for Sustainable Agriculture: Fundamentals and Recent Advances. In: 
Arora NK (ed.) Plant Microbe Symbiosis: Fundamentals and Advances. Springer, 
India, pp. 51-103. 
532. Joshi M., Shrivastava R., Sharma A. K., Prakash A. (2012). Screening of resistant 
varieties and antagonistic Fusarium oxysporum for biocontrol of Fusarium Wilt of 
Chilli. Plant Pathol Microbiol 3: 134. 
533. Singh A., Sarma B. K., Upadhyay R. S., Singh H. B. (2013). Compatible rhizosphere 
microbes mediated alleviation of biotic stress in chickpea through enhanced 
antioxidant and phenylpropanoid activities. Microbiological Research 168: 33- 40. 
114 
 
534. Tariq M., Noman M., Ahmed T., Hameed A., Manzoor N., and Zafar M. (2017). 
Antagonistic features displayed by Plant Growth Promoting Rhizobacteria (PGPR): A 
Review. J Plant Sci Phytopathol. 1: 038-043. DOI: 10.29328/journal.jpsp.1001004 
535. O’Sullivan D. J., and O’Gara F. (1992). Traits of fluorescent Pseudomonas spp. 
involved in suppression of plant root pathogens. Microbiological Reviews 56(4): 662–
676. 
536. Bar-Ness E., Chen Y., Hadar Y., Marschner H., and Römheld V. (1991). Siderophores 
of Pseudomonas putida as an iron source for dicot and monocot plants. In Iron 
Nutrition and Interactions in Plants. Chen Y. and Hadar Y. (Eds.): 271–281, Kluwer 
Academic, Dordrecht, Netherlands. 
537. Naznin H. A., Kimura M., Miyazawa M., Hyakumachi M. (2012). Analysis of volatile 
organic compounds emitted by plant growth promoting fungus Phoma sp. GS8- 3 for 
growth promotion effects on tobacco. Microbe Environ 28: 42-49. 
538. Doornbos R. F., van Loon L. C., Peter A. H. M., Bakker A. (2012). Impact of root 
exudates and plant defense signalling on bacterial communities in the rhizosphere. Rev 
Sustain Dev 32: 227-243. 
539. Avis T. J., Gravel V., Antoun H., Tweddell R. J. (2008). Multifaceted beneficial effects 
of rhizosphere microorganisms on plant health and productivity. Soil Biol Biochem 40: 
1733-1740. 
540. Tewari S., Arora N. K. (2014). Multifunctional exopolysaccharides from Pseudomonas 
aeruginosa PF23 involved in plant growth stimulation, biocontrol and stress 
amelioration in sunflower under saline conditions. Current Microbiol 69: 484-494. 
541. Parada M., Vinardell J., Ollero F., Hidalgo A., Gutiérrez R., Buendía-Clavería A. M., 
Lei W., Margaret I., López-Baena F. J., Gil-Serrano A. M., Rodríguez-Carvajal M. A., 
Moreno J., Ruiz-Sainz J. E. (2006). Sinorhizobium fredii HH103 mutants affected in 
capsular polysaccharide (KPS) are impaired for nodulation with soybean and Cajanus 
cajan. Mol Plant Microbe Interact 19: 43-52. 
542. Figueiredo M. V. B., Seldin L., Araujo F. F., Mariano R. L. R. (2011). Plant growth 
promoting rhizobacteria: fundamentals and applications. In: Plant Growth and Health 
115 
 
Promoting Bacteria. Maheshwari D.K. (Ed.),Springer-Verlag, Berlin, Heidelberg: 21-
42. 
543. de Werra P., Huser A., Tabacchi R., Keel C., and Maurhofer M. (2011). Plant- and 
Microbe-Derived Compounds Affect the Expression of Genes Encoding Antifungal 
Compounds in a Pseudomonad with Biocontrol Activity. Appl Environ Microbiol 
77(8): 2807-2812. DOI: 10.1128/AEM.01760-10 
544. Shukla K. P., Sharma S., Singh N. K., Singh V., Tiwari K. Singh S. (2011). Nature and 
role of root exudates: Efficacy in bioremediation. African Journal of Biotechnology 
10(48): 9717-9724. 
545. Kiprovski B., Malenčić D., Durić S., Bursać M., Cvejić J., Sikora V. (2016). Isoflavone 
content and antioxidant activity of soybean inoculated with plant-growth promoting 
rhizobacteria. J. Serbian Chem. Soc. 81: 1239–1249. DOI: 10.2298/ JSC160422070K 
546. Khalid M., Hassani D., Bilal M., Asad F., Huang D. (2017). Influence of bio-fertilizer 
containing beneficial fungi and rhizospheric bacteria on health promoting compounds 
and antioxidant activity of Spinacia oleracea L. Bot. Stud. 58, 1–9. DOI: 
10.1186/s40529-017-0189-3 
547. Etalo D. W., Jeon J. S., and Raaijmakers J. M. (2018). Modulation of plant chemistry 
by beneficial root microbiota. Nat Prod Rep 35: 398–409.  
548. Walker V., Bertrand C., Bellvert F., Moënne-Loccoz Y., Bally R., and Comte G. 
(2011). Host plant secondary metabolite profiling shows a complex, strain-dependent 
response of maize to plant growth-promoting rhizobacteria of the genus Azospirillum. 
New Phytol 189: 494–506.  
549. van Opstal E. J., and Bordenstein S. R. (2015). Microbiome. Rethinking heritability of 
the microbiome. Science 349: 1172–1173.  
550. Jain A., Singh A., Singh S., and Singh H. B. (2015). Phenols enhancement effect of 
microbial consortium in pea plants restrains Sclerotinia sclerotiorum. Biol Control 89: 
23–32.  
551. Wu Q., Ni M., Liu W. C., Ren J. H., Rao Y. H., Chen J., Lu C. (2018). Omics for 
understanding the mechanisms of Streptomyces lydicus A01 promoting the growth of 
tomato seedlings. Plant Soil 431: 129–141. 
116 
 
552. Mishra R. P. N., Singh R. K., Jaiswal H. K., Kumar V. and Maurya S. (2006). 
Rhizobium-mediated induction of phenolics and plant growth promotion in rice (Oryza 
sativa L.). Curr Microbiol 52: 383–389. 
553. Lòpez-Fernàndez S., Compant S., Vrhovsek U., Bianchedi P. L., Sessitsch A., Pertot 
I., Campisano A. (2016). Grapevine colonization by endophytic bacteria shifts 
secondary metabolism and suggests activation of defence pathways. Plant Soil 405: 
155–175. 
554. Walker V., Couillerot O., von Felten A., Bellvert F., Jansa J., Maurhofer M., Bally R., 
Moënne-Loccoz Y., & Comte G. (2012). Variation of secondary metabolite levels in 
maize seedling roots induced by inoculation with Azospirillum, Pseudomonas and 
Glomus consortium under field conditions. Plant Soil 356: 151–163. 
555. Couillerot O., Ramírez-Trujillo A., Walker V., von Felten A., Jansa J., Maurhofer M., 
Défago G., Prigent-Combaret C., Comte G., Caballero-Mellado J., Moënne-Loccoz Y. 
(2013). Comparison of prominent Azospirillum strains in Azospirillum-Pseudomonas-
Glomus consortia for promotion of maize growth. Appl Microbiol Biotechnol 97: 
4639–4649. 
556. Chomel M., Guittonny-Larchevêque M., Fernandez C., Gallet C., DesRochers A., Paré 
D., Jackson B. G., and Baldy V. (2016). Plant secondary metabolites: a key driver of 
litter decomposition and soil nutrient cycling. J Ecol 104: 1527–1541.  
557. Itkin M., Heinig U., Tzfadia O., Bhide A. J., Shinde B., Cardenas P. D., Bocobza S. E., 
Unger T., Malitsky S., Finkers R., Tikunov Y., Bovy A., Chikate Y., Singh P., 
Rogachev I., Beekwilder J., Giri A. P., Aharoni A. (2013). Biosynthesis of 
antinutritional alkaloids in solanaceous crops is mediated by clustered genes. Science 
341: 175–179. 
558. Irmer S., Podzun N., Langel D., Heidemann F., Kaltenegger E., Schemmerling B., 
Geilfus C. M., Zörb C., Ober D. (2015). New aspect of plant– rhizobia interaction: 




559. Banchio E., Bogino P. C., Santoro M., Torres L., Zygadlo J., and Giordano W. (2010). 
Systemic induction of monoterpene biosynthesis in origanum × majoricum by soil 
bacteria. J Agric Food Chem 58: 650–654.  
560. Jain A., Singh A., Chaudhary A., Singh S., Singh H. B. (2014). Modulation of 
nutritional and antioxidant potential of seeds and pericarp of pea pods treated with 
microbial consortium. Food Res. Int. 64: 275–282. DOI: 10.1016/j.foodres.2014. 
06.033 
561. Kilam D., Saifi M., Abdin M. Z., Agnihotri A., Varma A. (2015). Combined effects of 
Piriformospora indica and Azotobacter chroococcum enhance plant growth, 
antioxidant potential and steviol glycoside content in Stevia rebaudiana. Symbiosis 66: 
149–156. DOI: 10.1007/s13199-015-0347-x 
562. Banchio E., Xie X., Zhang H., Paré P. W. (2009). Soil bacteria elevate essential oil 
accumulation and emissions in sweet basil. J. Agric. Food Chem. 57: 653–657. DOI: 
10.1021/jf8020305 
563. del Rosario Cappellari L., Chiappero J., Santoro M. V., Giordano W., Banchio E. 
(2017). Inducing phenolic production and volatile organic compounds emission by 
inoculating Mentha piperita with plant growth-promoting rhizobacteria. Scientia 
Horticulturae 220: 193-198. DOI: 10.1016/j.scienta.2017.04.002 
564. Banchio E., Bogino P., Zygadlo J., Giordano W. (2008). Plant growth promoting 
rhizobacteria improve growth and essential oil yield in Origanum majorana L. 
Biochem. Syst. Ecol. 36: 766–771. 
565. Tajpoor N., Moradi R., Zaeim A. N. (2013). Effects of various fertilizers on quantity 
and quality of dill (Anethum graveolens L.) essential oil. Int J Agric Crop Sci 6: 1334–
1341. 
566. Rouphael Y., and Colla G. (2018). Synergistic Biostimulatory Action: Designing the 
Next Generation of Plant Biostimulants for Sustainable Agriculture. Front. Plant Sci. 
13. DOI: 10.3389/fpls.2018.01655 
567. Karthikeyan B., Joe M., Cheruth A. J. (2009). Response of Some Medicinal Plants to 
Vesicular Arbuscular Mycorrhizal Inoculations. Journal of Scientific Research 1(2): 
381-386. DOI: 10.3329/jsr.v1i2.1675 
118 
 
568. Rajasekar S., Elango R. (2011). Effect of microbial consortium on plant growth and 
improvement of alkaloid content in Withania somnifera (Ashwagandha). Curr Bot 2: 
27–30. 
569. Singh R., Soni S. K., Kalra A. (2012). Synergy between Glomus fasciculatum and a 
beneficial Pseudomonas in reducing root diseases and improving yield and forskolin 
content in Coleusforskohlii Briq. under organic field conditions. Mycorrhiza 23: 35–
44. 
570. Goicoechea N., and Antolin M. C. (2017). Increased nutritional value in food crops. 
Applied Microbiology, Microbial Biotechnology 10: 1004–1007. 
571. Frey-Klett P., and Garbaye J. (2005). Mycorrhiza helper bacteria: a promising model 
for the genomic analysis of fungal–bacterial interactions. New Phytologist 168(1) : 4-
8. DOI: 10.1111/j.1469-8137.2005.01553.x 
572. Lies A., Delteil A., Prin Y., and Duponnois R. (2018). Chapter 11 - Using Mycorrhiza 
Helper Microorganisms (MHM) to Improve the Mycorrhizal Efficiency on Plant 
Growth. In: Role of Rhizospheric Microbes in Soil. Meena V. (eds). Springer, 
Singapore. DOI: 10.1007/978-981-10-8402-7_11 
573. Foster R. C., and Marks G. C. (1967). Observations on the mycorrhizas of forest trees. 
II. The rhizosphere of Pinus radiata D. Don. Australian Journal of Biological Sciences 
20: 915-926. 
574. Yasin M., Munir I., Faisal M. (2016). Can bacillus spp. enhance K+ uptake in crop 
species. In: Meena V. S., Maurya B. R., Verma J. P., Meena R. S. (eds). Potassium 
solubilizing microorganisms for sustainable agriculture. Springer, New Delhi, 163–
170. DOI: 10.1007/978-81-322-2776-2_12 
575. Garbaye J (1994) Tansley review no. 76 helper bacteria: a new dimension to the 
mycorrhizal symbiosis. New Phytol 128(2): 197–210. 
576. Frey-Klett P., Garbaye J., Tarkka M. (2007). The mycorrhiza helper bacteria revisited. 
New Phytologist 176(1): 22-36. DOI: 10.1111/j.1469-8137.2007.02191.x. 
577. Deveau A., and Labbé J. (2016). Chapter 24 - Mycorrhiza helper bacteria. In: 
Molecular Mycorrhizal Symbiosis. Martin F. (ed.). John Wiley & Sons, Inc. 
119 
 
578. Probanza A., Mateos J. L., Lucas J. A., Ramos B., De Felipe M. R., and Gutiérrez 
Mañero F. J. (2001). Effects of inoculation with PGPR Bacillus and Pisolitus tinctorius 
on Pinus pinea L. growth, bacterial rhizosphere colonization and mycorrhizal 
infection. Microbiology Ecology 41: 140-148. 
579. Jaleel C. A., Manivannan P., Sankar B., Kishorekumar A., Gopi R., Somasundaram R., 
Panneerselvam R. (2007). Pseudomonas fluorescens enhances biomass yield and 
ajmalicine production in Catharanthus roseus under water deficit stress. Colloids Surf 
B Biointerfaces 60(1): 7-11. DOI: 10.1016/j.colsurfb.2007.05.012 
580. Bisen K., Keswani C., Mishra S., Saxena A., Rakshit A., and Singh H. B. (2015). 
Unrealized potential of seed biopriming for versatile agriculture. In: Nutrient Use 
Efficiency: From Basics to Advances. Rakshit A., Singh H. B., and Sen A. (eds). 
Springer, New Delhi, India: 406-416. 
581. Keswani C., Bisen K., Singh V., Sharma B. K., and Singh H. B. (2016). Formulation 
technology of biocontrol agents: present status and future prospects. In: Arora N. K., 
Mehnaz S., and Balestrini R. (eds) Bioformulations: For Sustainable Agriculture. 
Springer, New Delhi, India: 35-52. 
582. LePage B. A., Currah R. S., Stockey R. A., and Rothwell G. W. (1997). Fossil 
ectomycorrhizae from the middle Eocene. American Journal of Botany 84: 410-412. 
583. Ridge E. H., and Theodorou C. (1972). The effect of soil fumigation on microbial 
recolonization and mycorrhizal infection. Soil Biology and Biochemistry 4: 295-305. 
584. Marx D. H., Cordell C. E., Maul S. B., and Ruehle J. L. (1989). Ectomycorrhizal 
development on pine by Pisolithus tinctorius in bare-root and container seedling 
nurseries. New Forests 3: 45-56. 
585. De Oliveira V. L. (1988). Interactions entre les microorganismes du sol et 
l’etablissement de la symbiose ectomycorhizienne chez la hêter (Fagus silvatica L.) 
avec Hebeloma crustuliniforme et Paxillus involutus. Ph. D. thesis, University of 
Nancy, Nancy, France. 
586. Garbaye J., and Bowen G. D. (1989). Stimulation of mycorrhizal infection of Pinus 
radiata by some microorganisms associated with the mantle of ectomycorrhizas. The 
New Phytologist 112: 383-388. 
120 
 
587. Frey-Klett P., Burlinson P., Deveau A., Barret M., Tarkka M., Sarniguet A. (2011). 
Bacterial-fungal interactions: hyphens between agricultural, clinical, environmental, 
and food microbiologists. Microbiol Mol Biol Rev. 75(4): 583-609. DOI: 
10.1128/MMBR.00020-11. 
588. Choudhary D. K., Varma A., Tuteja N. (2017). Chapter 5 -  Mycorrhizal Helper 
Bacteria: Sustainable Approach. In: Mycorrhiza - Function, Diversity, State of the 
Art. Varma A., Prasad R., Tuteja N. (eds). Springer, Cham: 61-74. DOI: 
10.1007/978-3-319-53064-2_5. 
589. Lenoir I., Fontaine J., Lounès-Hadj Sahraoui A. (2016). Arbuscular mycorrhizal fungal 
responses to abiotic stresses: A review. Phytochemistry 123: 4-15. DOI: 
10.1016/j.phytochem.2016.01.002 
590. Barea J. M., Pozo M. J., Azcón R., Azcón-Aguilar C. (2005). Microbial co-operation 
in the rhizosphere. J Exp Bot 56(417): 1761–1778. 
591. Roesti D., Ineichen K., Braissant O., Redecker D., Wiemken A., Aragno M. (2005). 
Bacteria associated with spores of the arbuscular mycorrhizal fungi Glomus 
geosporum and Glomus constrictum. Appl Environ Microbiol 71(11): 6673–6679. 
592. Artursson V., Finlay R. D., and Jansson J. K. (2006). Interactions between arbuscular 
mycorrhizal fungi and bacteria and their potential for stimulating plant growth. 
Environmental Microbiology 8(1): 1–10. DOI:10.1111/j.1462-2920.2005.00942.x 
593. Saha M., Maurya B. R., Bahadur I., Kumar A., Meena V. S. (2016). Can potassium-
solubilising bacteria mitigate the potassium problems in India? In: Potassium 
solubilizing microorganisms for sustainable agriculture. Meena V. S., Maurya B. R., 
Verma J. P., Meena R. S. (eds) Springer, New Delhi, 127–136. DOI: 10.1007/978-81-
322-2776-2_9 
594. Sharma A., Shankhdhar D., Shankhdhar S.C. (2016). Potassium-solubilizing 
microorganisms: mechanism and their role in potassium solubilization and uptake. In: 
Meena VS, Maurya BR, Verma JP, Meena RS (eds) Potassium solubilizing 




595. Will M. E., Sylvia D. M. (1990). Interaction of rhizosphere bacteria, fertilizer, and 
vesicular-arbuscular mycorrhizal fungi with sea oats. Appl Environ Microbiol 56(7): 
2073–2079. 
596. Bidondo L. F., Silvani V., Colombo R., Pergola M., Bompadre J., Godeas A. (2011). 
Pre-symbiotic and symbiotic interactions between Glomus intraradices and two 
Paenibacillus species isolated from AM propagules. In vitro and in vivo assays with 
soybean (AG043RG) as plant host. Soil Biol Biochem 43: 1866–1872. 
597. Hidayat C., Arief D., Nurbaity A., and Jajang S. (2013). Rhizobacteria selection to 
enhance spore germination and hyphal length of arbuscular mycorrhizal fungi in vitro. 
Asian Journal of Agriculture and Rural Development 3(4): 199-204. 
598. Pivato B., Offre P., Marchelli S., Barbonaglia B., Mougel C., Lemanceau P., Berta G. 
(2009). Bacterial effects on arbuscular mycorrhizal fungi and mycorrhiza development 
as influenced by the bacteria, fungi, and host plant. Mycorrhiza 19(2): 81–90. DOI: 
10.1007/s00572-008-0205-2 
599. Azcón R., Azcón-Aguilar C., Barea J. M. (1978). Effects of plant hormones present in 
bacterial cultures on the formation and responses to VA endomycorrhiza. New Phytol 
80(2): 359–364. 
600. Çakmakçı R., Mosber G., Milton A. H., Alatürk F., Ali B. (2020). The Effect of Auxin 
and Auxin-Producing Bacteria on the Growth, Essential Oil Yield, and Composition 
in Medicinal and Aromatic Plants. Current Microbiology 77: 564–577. DOI: 
10.1007/s00284-020-01917-4 
601. Dominguez-Nunez J. A., Benito B., Berrocal-Lobo M., Albanesi A. (2016). 
Mycorrhizal fungi: role in the solubilization of potassium. In: Potassium solubilizing 
microorganisms for sustainable agriculture. Meena V. S., Maurya B. R., Verma J. P., 
Meena R. S. (eds). Springer, New Delhi, 77–98. DOI: 10.1007/978-81-322-2776-2_6 
602. Velazquez E., Silva L. R., Ramírez-Bahena M. H., Peix A. (2016). Diversity of 
potassium-solubilizing microorganisms and their interactions with plants. In: 
Potassium solubilizing microorganisms for sustainable agriculture. Meena V. S., 




603. Hayman D. S. (1970). Endogone spore numbers in soil and vesicular-arbuscular 
mycorrhiza in wheat as influenced by season and soil treatment. Trans Brit Mycol Soc 
54(1): 53–62. 
604. Kim K., Yim W., Trivedi P., Madhaiyan M., Deka Boruah H. P., Islam M. R., Lee G., 
Sa T. (2010). Synergistic effects of inoculating arbuscular mycorrhizal fungi and 
Methylobacterium oryzaestrains on growth and nutrient uptake of red pepper 
(Capsicum annuum L.). Plant Soil 327(1): 429–440. 
605. Ratti N., Kumar S., Verma H. N., Gautam S. P. (2001). Improvement in bioavailability 
of tricalcium phosphate to Cymbopogon martinii var. motia by rhizobacteria, AMF and 
Azospirillum inoculation. Microbiol Res 156(2): 145–149. 
606. Masood S., Bano A. (2016). Mechanism of potassium solubilization in the agricultural 
soils by the help of soil microorganisms. In: Meena V. S., Maurya B. R., Verma J. P., 
Meena R. S. (eds). Potassium solubilizing microorganisms for sustainable agriculture. 
Springer, New Delhi, 137–147. DOI: 10.1007/978-81-322-2776-2_10 
607. Meena V. S., Meena S. K., Bisht J. K., Pattanayak A. (2016). Conservation agricultural 
practices in sustainable food production. J Clean Prod 137: 690–691. 
608. Teotia P., Kumar V., Kumar M., Shrivastava N., Varma A. (2016). Rhizosphere 
microbes: potassium solubilization and crop productivity-present and future aspects. 
In: Potassium solubilizing microorganisms for sustainable agriculture. Meena V. S., 
Maurya B. R., Verma J. P., Meena R. S. (eds).Springer, New Delhi, 315–325. DOI: 
10.1007/978-81-322-2776-2_22 
609. Jangra E., Yadav K., Aggarwal A. (2019). Arbuscular Mycorrhizal Fungal-Associated 
Bacteria Affect Mycorrhizal Colonization, Essential Oil And Plant Growth of Murraya 
koenigii L. Acta Sci. Pol. Hortorum Cultus, 18(5): 39–48. 
610. Bourles A., Guentas L., Charvis C. Gensous S., Majorel C., Crossay T., Cavaloc Y., 
Burtet-Sarramegna V., Jourand P., & Amir H. (2020). Co-inoculation with a bacterium 
and arbuscular mycorrhizal fungi improves root colonization, plant mineral nutrition, 




611. Meena V. S., Maurya B. R., Meena S. K., Meena R. K., Kumar A., Verma J. P., Singh 
N. P. (2017). Can Bacillus species enhance nutrient availability in agricultural soils? 
In: Islam M. T., Rahman M., Pandey P., Jha C. K., Aeron A. (eds). Bacilli and 
Agrobiotechnology. Springer International Publishing, Cham, 367–395. DOI: 
10.1007/978-3-319-44409-3_16 
612. Duponnois R., Kisa M. (2006). The possible role of trehalose in the mycorrhiza helper 
bacterium effect. Canadian Journal of Botany, 84(6): 1005–1008. DOI:10.1139/b06-
053  
613. Aspray T. J., Jones E. E., Davies M. W., Shipman M., Bending G. D. (2013). Increased 
hyphal branching and growth of ectomycorrhizal fungus Lactarius rufus by the helper 
bacterium Paenibacillus sp. Mycorrhiza 23: 403–410. 
614. Choudhary D. K., Kasotia A., Jain S., Vaishnav A., Kumari S., Sharma K. P., Varma 
A. (2016). Bacterial-mediated tolerance and resistance to plants under abiotic and 
biotic stresses. J. Plant Growth Regul 35: 276–300. 
615. Riedlinger J., Schrey S. D., Tarkka M. T., Hampp R., Kapur M., Fiedler H. P. (2006). 
Auxofuran, a novel metabolite that stimulates the growth of fly agaric, is produced by 
the mycorrhiza helper bacterium Streptomyces strain AcH 505. Applied Environmental 
Microbiology 72: 3550–7. DOI: 10.1128/AEM.72.5.3550‐3557.2006. 
616. Deveau A., Palin B., Delaruelle C., Peter M., Kohler A., Pierrat J. C., Sarniguet A., 
Garbaye J., Martin F., Frey-Klett P. (2007). The mycorrhiza helper Pseudomonas 
fluorescens BBc6R8 has a specific priming effect on the growth, morphology and gene 
expression of the ectomycorrhizal fungus Laccaria bicolor S238N. New Phytologist 
175: 743–755. 
617. Cusano A. M., Burlinson P., Deveau A., Vion P., Uroz S., Preston G. M., Frey-Klett 
P. (2010). Pseudomonas fluorescens BBc6R8 type III secretion mutants no longer 
promote ectomycorrhizal symbiosis. Environmental Microbiology Reports 3: 203–
210. 
618. Rigamonte T. A., Pylro V. S., and Duarte G. F. (2010). The role of mycorrhization 
helper bacteria in the establishment and action of ectomycorrhizae assiociations. 
Brazilian Journal of Microbiology 41: 832-840. 
124 
 
619. Malekzadeh E., Alikhani H., Savaghebi-Firoozabadi G., and Zarei M. (2011). 
Influence of arbuscular mycorrhizal fungi and an improving growth bacterium on Cd 
uptake and maize growth in Cd-polluted soils. Spanish Journal of Agricultural 
Research 9: 1213-1223. 
620. Screy S. D., Schellhammer M., Ecke M., Hampp R., and Tarkka M. T. (2005). 
Mycorrhiza helper bacterium Strepromyces AcH 505 induces differential gene 
expression in the ectomycorrhizal fungus Amanita muscaria. New Phytologist 168: 
205-216. 
621. Poole E. J., Bending G. D., Whipps J. M., and Read D. J. (2001). Bacteria associated 
with Pinus sylvestris‐ Lactarius rufus ectomycorrhizas and their effects on mycorrhiza 
formation in vitro. New Phytologist 151: 743–751. DOI: 10.1046/j.0028‐
646x.2001.00219.x. 
622. Ordoñez Y. M., Fernandez BR, Lara L. S., Rodriguez A., Uribe-Vélez D., Sanders I. 
R. (2016). Bacteria with phosphate solubilizing capacity alter mycorrhizal fungal 
growth both inside and outside the root and in the presence of native microbial 
communities. PLoS One 11:e0154438. DOI:10. 1371/journal.pone.0154438 
623. Zhang L., Xu M., Liu Y., Zhang F., Hodge A., Feng G. (2016). Carbon and phosphorus 
exchange may enable cooperation between an arbuscular mycorrhizal fungus and a 
phosphate-solubilizing bacterium. New Phytol. 210(3): 1022-1032. 
DOI:10.1111/nph.13838 
624. Budi S. W., Bakhtiar Y., May N. L. (2012). Bacteria associated with arbuscular 
mycorrhizal spores Gigaspora margarita and their potential for stimulating root 
mycorrhizal colonization and neem (Melia azedarach Linn) seedling growth. 
Microbiol Indones 6(4):180–188. 
625. Duponnois R., Plenchette C. (2003). A mycorrhiza helper bacterium enhances 
ectomycorrhizal and endomycorrhizal symbiosis of Australian Acacia species. 
Mycorrhiza 13(2): 85–91. 
626. Aspray T. J., Frey‐Klett P., Jones J. E., Whipps J. M., Garbaye J., Bending G. D. 
(2006). Mycorrhization helper bacteria: a case of specificity for altering 
125 
 
ectomycorrhiza architecture but not ectomycorrhiza formation. Mycorrhiza 16: 533–
541. 
627. Daniel R. (2005). The metagenomics of soil. Nat Rev Microbiol 3: 470–478. 
628. Schrey S. D., Tarkka M. T. (2008). Friends and foes: streptomycetes as modulators of 
plant disease and symbiosis. Antonie Van Leeuwenhoek 94:11–19. 
629. Deveau, A., Gross, H., Morin, E., Karpinets, T., Utturkar, S., Mehnaz, S., Martin, F., 
Frey-Klett, P., & Labbé, J. (2014). Genome Sequence of the Mycorrhizal Helper 
Bacterium Pseudomonas fluorescens BBc6R8. Genome announcements, 2(1), e01152-
13. DOI: 10.1128/genomeA.01152-13 
630. Galet J., Deveau A., Hôtel L., and Frey-Klett P. (2015). Pseudomonas fluorescens 
pirates both ferrioxamine and ferricoelichelin siderophores from Streptomyces 
ambofaciens. Applied and Environmental Microbiology 81(9): 3132-3141. 
631. Kurth F., Feldhahn L., Bonn M., Buscott F., and Tarkka M. (2015). Large scale 
transcriptome analysis reveals interplay between development of forest trees and a 
beneficial mycorrhiza helper bacterium. BMC Genomics 16: 658-670. 
632. Wohlschlager T., Butschi A., Grassi P., Sutov G., Gauss R., Hauck D., Schmieder S. 
S., Knobel M., Titz A., Dell A., Haslam S. M., Hengartner M. O., Aebi M., Künzler 
M.  (2014). Methylated glycans as conserved targets of animal and fungal innate 
defense. Proceedings of the National Academy of Sciences of the United States of 
America 111, E2787–96. 
633. Toljander J. F., Artursson V., Paul L. R., Jansson J. K., Finlay R. D. (2006). Attachment 
of different soil bacteria to arbuscular mycorrhizal fungal extraradical hyphae is 
determined by hyphal vitality and fungal species. FEMS Microbiology Letters. 254(1): 
34-40. DOI: 10.1111/j.1574-6968.2005.00003.x 
634. Bianciotto V., Andreotti S., Balestrini R., Bonfante P., and Perotto S. (2001). 
Extracellular polysaccharides are involved in the attachment of Azospirillum brasilense 
and Rhizobium leguminosarum to arbuscular mycorrhizal structures. Eur J Histochem 
45: 39–49. 
635. Bahadori F., Ashorabadi E. S., Mirza M., Matinizade M., Abdosi V. (2013). Improved 
growth, essential oil yield and quality in Thymus daenensis Celak on mycorrhizal and 
126 
 
plant growth promoting rhizobacteria inoculation. Int J Agron Plant Prod 4: 3384–
3391. 
636. Bonfante P., Anca I. A. (2009). Plants, mycorrhizal fungi, and bacteria: a network of 
interactions. Annu Rev Microbiol 63: 363–383. 
637. Vyas M., Vyas A. (2014). Field response of Capsicum annum dually inoculated with 
AM fungi and PGPR in Western Rajasthan. Int J Res Stud Biosci 2: 21–26. 
638. Gamalero E., Berta G., Massa N., Glick B. R., Lingua G. (2008). Synergistic 
interactions between the ACC deaminase-producing bacterium Pseudomonas putida 
UW4 and the AM fungus Gigaspora rosea positively affect cucumber plant growth. 
FEMS Microbiol Ecol 64: 459–467. 
639. Bona E., Todeschini V., Cantamessa S., Cesaro P., Copetta A., Lingua G., Gamalero 
E., Berta G., Massa N. (2018). Combined bacterial and mycorrhizal inocula improve 






Outline of the Thesis 
The aim of this thesis has been to evaluate the effect of clonal variability and 
beneficial soil microorganisms on 5 different genotypes of Artemisia annua plant 
(var. Anamed), propagated in vitro by the micropropagation techniques, starting 
from seeds. The different clone plants were cultivated and inoculated with several 
beneficial soil microorganisms. The used microorganisms were PGPB: 
Pseudomonas protegens (strain Pf7) and P. brassicearum (strain SVB6R1) 
previously selected in our laboratory; and arbuscular mycorrhizal fungi (AMF): 
Funneliformis mosseae (BEG12, Biorize, Dijon, France), Rhizophagus 
irregularis, and a mix of AMF (R. intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, mixed in our laboratory). 
In a first phase different experiments were performed, in order to test clone 
stability in vivo conditions, and to evaluate the growth responses in the presence 
of microorganisms. The plants of each clone showed a low mycorrhizal 
colonization, and in some cases the co-inoculation with PGPB improved the root 
colonization by AMF, thus demonstrating their role as Mycorrhizal Helper 
Bacteria (MHB). Regarding the plant growth, different responses were observed, 
according to the used microorganisms and the plant clone. After this phase of 
clone selection, only the most stable one, both in vitro and in vivo condition, and 
another new clone were cultivated and inoculated with different combinations of 
the above-mentioned microorganisms. Since the low mycorrhizal colonization 
observed in the previous experiments, two samplings at different times (30 and 
60 days) were performed, in order to monitor the mycorrhizal symbiosis trend 
over the time besides the plant growth responses. In this last experiment, the 
artemisinin production was also evaluated, using a HPLC method, for 
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investigating the differences in its concentration related to the different plant 
genotypes and the combination of the used microbes, also over the time. 
Furthermore, during the cultivation of plants, different smells among each plant 
treatment were noticed, mostly in one plant clone; therefore, a leaf volatile 
characterization by GC-MS analysis was performed with the purpose to 























Materials and Methods 
1 - Inocula propagation 
1.1 - Arbuscular mycorrhizal fungi (AMF) 
Sorghum bicolor L. seeds were washed three times (5 minutes each) in sterile 
deionized water, then they were sterilized for 5 minutes in a 20% sodium 
hypochlorite solution and washed three times (5 minutes each) with sterile 
deionized water, then imbibed in sterile water for 40 minutes. Seeds were pre-
germinated in Petri dishes at 25°C for 72 h in the dark. Sprouted seeds were 
transplanted in a plastics pots (700 mL), which were previously sterilized in a 
20% sodium hypochlorite solution. On the bottom of the pots a layer of quartz 
sand (size 4/5 mm) was used to have optimal drainage. The culture substrate 
consisted of a mixture of sand (50%) and inoculum (50%), finally the upper part 
of the pot was covered with an anti-algae layer of quartz sand (size 2/3 mm). The 
inoculum was formed by pieces of sorghum mycorrhized roots with the 
arbuscular mycorrhizal fungi: Funneliformis mosseae (BEG12, Biorize, Dijon, 
France) or Rhizophagus irregularis. The sands were sterilized in an oven at 
180°C for 4 h. The plants were cultivated in a climatic chamber with a light/dark 
cycle of 16/8 h, a temperature of 24°C at morning and 21°C at night and irrigated 
every other day with Long Ashton nutrient solution at 32 µM of phosphorous (1). 
After about 70 days plants were irrigated until complete desiccation of the 
aboveground part. Subsequently, the roots were chopped and mixed with the sand 
substrate, placed into plastic bags and stored at 4°C.  
AMF mix were composed by different fungus species (Rhizophagus intraradices, 
R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
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etunicatum), and it was propagated in the same manner as the before mentioned 
fungus, using S. bicolor L. and Trifolium pratense L. as plants, but in a different 
substrate composed by zeolite, blond peat, pumice and vermiculite (5:3:2.5:2; 
v/v/v/v) under a greenhouse tunnel. Subsequently, the roots were chopped and 
mixed with the substrate of cultivation, placed into plastic bags and stored at 4°C. 
1.2 - Plant Growth Promoting Bacteria (PGPB) 
The used PGPB were Pseudomonas protegens strain Pf7 (briefly Pf7) and/or P. 
brassicacearum strain SVB6R1 (briefly SVB6R1), previously isolated and 
characterized in our Microbiology Lab (2), having the characteristics reported in 
the Table 2. They were cultivated on Tryptic Soy Agar (TSA) medium for three 
days at 28°C and then resuspended in magnesium sulphate heptahydrate (MgSO4 
x 7H2O; 0.1 M) to obtain an inoculum OD600 = 0.5 corresponding to 10
8 CFU 
mL-1. 
Table 2 | Biochemical characteristics of the used PGPB. 
                       Bacterial strain 
Bacterial characterization P. protegens strain Pf7 P. brassicacearum strain SVB6R1 
IAA production + + 
Siderophore production + + 
P-solubilization (DCP) - + 
P-solubilization (TCP) + - 
ACC deaminase activity Not tested + 
The sign “+” indicates that the bacterial strain possesses the specified biochemical characteristic. DCP: 
dicalcium phosphate; TCP: tricalcium phosphate. 
2 - Plant micropropagation protocol 
In order to start in vitro culture 50 seeds of A. annua plants were placed in a paper 
bag and sterilized in NaClO 1% for 5 minutes, rinsed in deionized sterile water 
(2 washes 5 minutes each, and 2 washes 20 minutes each). Afterwards, sterilized 
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seeds were put inside glass tubes containing 10 mL of semi-solid substrate with 
MS salts, MS vitamins and sucrose 3% (pH= 5.8; 3). The glass tubes were grown 
in a climatic chamber at 23 ± 1°C under white LED light (Philips T8 LED Tube 
Light 20W-200 ± 5 µEm-2s-1). The obtained plants were numbered and 
micropropagated according to Sharafi et al. (4) method. Shoot explants were put 
in a semi-solid substrate with MS salts, MS vitamins, 3% sucrose, 1 mg/mL 6-
benzyl-amino purine (BA) and 0.05 mg/L α-naphtalenic-acetic acid (NAA) at 
pH=5.8 in glass jars (10 cm height and Ø 6 cm; Figure 10 A) Then later, cultures 
of the most vigorous clones were maintained alive for the next clonal selection 
in vivo step. 
3 - Experimental design 
In collaboration with the “Consiglio per la ricerca in agricoltura e l’analisi 
dell’economia agraria” (CREA) of Sanremo, different clones of A. annua plant 
were propagated through the micropropagation technique, starting from seeds 
(var. Anamed), to rule out the genetic variability of plant seed population. The 
plant clones were named clone 26 (CL26), clone 10 (CL10), clone 24 (CL24), 
and clone 6 (CL6), maintained in vitro and gradually supplied by CREA; then 
they were cultivated in vivo to verify clone stability and plant growth responses 
in the presence of different beneficial soil microorganisms. After this first phase 
of cultivation, CREA has informed us that the CL26 was the only clone still alive 
in vitro culture, and also the more stable one in all the different stages of 
micropropagation and in vivo condition. Therefore, it was decided to test other 
fungal and bacterial inocula on this plant clone; furthermore, at the same time, 
CREA provided us an additional clone named clone 7 (CL7), that was grown in 
a single experiment with the CL26, in which two samplings (after 30 and 60 days) 
were carried out. These different times of sampling were chosen in order to 
evaluate the mycorrhizal symbiosis trend over the time. In addition, during the 
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cultivation, we noticed different smells among the different plant treatments, 
mostly in the CL26 plants, so we also proceed to analyse the leaf volatile profile 
composition besides the artemisinin concentration, in order to assess changes 
related to the microorganism presence on the plants. Furthermore, the analysis 
on the leaf volatile profile composition was also performed in the CL26 plants of 
the fourth experiment, in order to compare the effect of other different microbes. 
During these three years of PhD project 337 plants were cultivated in controlled 
conditions, two clones per time due to the climatic chamber dimension limits; 
therefore different experiments (6 in total) were set up and carried out, all in the 
same conditions.  
 
Figure 10. The figure shows A. annua micropropagated plants during the transplanting from vitro to alveolar 
boxes covered with plastic drilled containers (A), during the acclimatization period in the climatic chamber 
under blue/red led lights (B), after the acclimatization period (C), and plants after repotting into bigger pots 
during their growth in the climatic chamber (D). 
In all the experiments, A. annua micropropagated plants were transplanted from 
vitro to alveolar boxes (80 mL of capacity) in a sterile substrate formed by quartz 
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sand (size 4/5 mm) as a draining bottom (10 mL), a mixture of peat and quartz 
sand of different granulometry (2:1; v/v) and covered with an anti-algae layer of 
quartz sand (size 2/3 mm). In order to maintain a constant humidity and to limit 
plant transpiration, plantlets were covered with plastic drilled containers and 
constantly nebulized with sterile water (Figure 10 A, B). This phase of 
acclimation lasted for 10 days (Figure 10 C). Then, plants were transplanted into 
pots of a bigger volume (700 mL) filled with a growth substrate composed by a 
mixture of sterile quartz sands of different granulometry and peat (as showed in 
Figure 10 D and 11). 
 
Figure 11. Substrate composition of the pots. 
After transplanting, each plant was watered with 150 mL of deionized sterile 
water. During this step, plants were inoculated or not with different beneficial 
soil microorganisms: AM fungi were F. mosseae BEG12, a mix of different AMF 
species and R. irregularis; PGPB included two species of Pseudomonas genus: 
P. protegens (strain Pf7) and P. brassicacearum (strain SVB6R1). AMF 
inoculum (150 mL) was added near the plant roots (Figure 11), PGPB inoculum 
(10 mL) was added on the substrate surface near the plant roots, while plants 
which were not inoculated with PGPB received magnesium sulphate solution 
only (10 mL; MgSO4 x 7H2O; 0.1 M). After 30 days a reinforcement inoculum 
of  PGPB (10 mL) was added. Details on the used microorganisms-plant clones 
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will be reported later, in each single experiment results. Plants were tested with 
each microorganisms according to the clone plant availability, for this reason 
some clones did not inoculate with all the available microbes. The plastic 
materials used for the experiments were previously sterilized in sodium 
hypochlorite solution (20% v/v). The peat (Vigor Plant’s Complete Peat; 
composed by 21% baltic peat, 20% humified peat, 26%, irish peat, 18% 
calibrated peat, 13% pumice;  pH 6.5; containing a granular slow release mineral 
fertilizer NPK 15-9-15 all in a soluble form and not subjected to leach) was 
previously sterilized with flowing steam at 104°C for 1 hour, and after the vessels 
containing the peat were put in an oven at 40°C for 24 hours to reduce humidity 
in order to avoid mould formation. All the quartz sands were sterilized in an oven 
at 180°C for 4 hours. Plants were grown in controlled conditions for 60 days 
(except for the last experiment where also a first sampling at 30 days was done), 
with a photoperiod of 16/8 h light/dark at a light intensity of 140 µmol m-2 s-1 
under reduced spectrum led light (red and blue light wavelengths). The 
temperature was 25°C in the light and 21°C in the dark (Figure 10 D). All the 
plants were soaked with Long Ashton nutrient solution, with phosphate 
concentration of 32 µM, three times a week. The Long Ashton solution consisted 
of 5 macronutrient solutions [Ca(NO3)2 x 4H2O (2 mM); MgSO4 x 7H2O (0.75 
mM); KNO3 (2 mM); FeNa EDTA (50 µM; NaH2PO4 (32 µM)] and a 
micronutrient solution [MnSO4 x H2O (10 µM), CuSO4 x 5H2O (1 µM), H3BO3 
(40 µM), ZnSO4 x 7H2O (2 µM), NaCl (100 µM), Na2MoO4 x 2H2O (0.5 µM)]. 
All solutions were autoclaved at 121°C for 15 minutes. The amount of nutrient 
solution used ranged from 20 mL to 100 mL according to the plant growth. 
4 - Analysed parameters 
After 60 days, in each experiment, and also after 30 days in the last experiment, 
plants were harvested and different parameters were recorded (Figure 12 A, B, C 
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D): mycorrhizal colonization in the root system, fresh and dry weight (60°C in 
oven for 1 week) of different plant organs, and photosynthetic pigment 
concentrations. Instead, artemisinin concentration was evaluated in all the plants 
cultivated in the last experiment, both at 30 and 60 days; while, the leaf volatile 
composition was recorded only in the CL26 plants (at 30 and 60 days) in the sixth 
experiment and in the same clone plants but in the fourth experiment. 
 
Figure 12. The figure shows representative images of CL26 plants (from right to left: Control, bacterial, 
mycorrhizal plants and those co-inoculated with both microorganisms) during the last experiment samplings 
at 30 days (A) and 60 days (B) and during processing in laboratory (B and D). 
5 - Mycorrhizal colonization 
The mycorrhizal colonization was calculated according to Trouvelot et al. (5).  
Sixty pieces of root randomly chosen, they were clarified in KOH 10% in a water 
bath at 60°C for 20 min. Then, samples were rinsed with deionized water, dried 
and stained with 1% lactic blue (methyl blue 1% in lactic acid). The excess dye 
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was removed with a series of lactic acid washes. Finally, the samples were stored 
at 4°C for 24 hours in lactic acid. The following day the obtained samples were 
mounted on slide and observed under light microscope: two slides for each plant 
(30 root pieces each) were prepared. The samples were included into classes on 
the base of mycorrhizal degree, arbuscule and vesicles abundance, as reported in 
the following table:  
 
 
In order to obtain the mycorrhization percentage (M%) the following formula 
was used: 
M% = (95n5 + 70n4 + 30n3 + 5n2 + n1) / N 
in which “n5, n4….n1” represent the number of fragments classified in each 
respective class, whereas N represents the total number of the analysed root 
fragments. For evaluating the frequency of mycorrhization (F%) and the 
arbuscule abundance (A%), both in the mycorrhizal part (a%) and root apparatus 
(A%), the following formulae were applied: 
  F% = 100 · (N – n0) / N 
Classe mycorrhization % 
0 lack of colonization 
1 traces of colonization 
2 less than 10% 
3 from 11 to 50% 
4 from 51 to 90% 
5 more than 90% 
Classe       % of arbuscule abundance 
X lack of arbuscules 
A low abundance (10%) 
A medium abundance (50%) 
    A
 
high abundance (100%) 
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in which F% is the percentage frequency of mycorrhization and N is the total 
number of analysed root fragments, n0 is the number of fragments into class 0, 
where the fungus was not present. 
 
mA…mA calculated as showed: 
mA = (95n5A + 70n4A + 30n3A + 5n2A + n1A) · F / M · (N – n0) 
in which “n5A…n1A” represent the number of fragments indicated with 5A, 
4A…1A, respectively. According to this latter, it is obtained: 
A% = a · M / 100 
6 - Morphometric and weight parameters 
For each plant, stem height, root length, and fresh weights of root, shoot and 
leaves were registered; furthermore, samples were dried in an oven at 60°C for 
one week in order to evaluate the dry weights of the aforementioned plant organs. 
7 - Analysis of leaf photosynthetic pigments 
Chlorophyll a, b and carotenoid concentrations were determined according to 
Porra et al. (6). Briefly, 0.02 g of fresh leaves were taken from each plant and 1.5 
mL of N, N-dimethyl formamide was added. The samples were kept in the dark 
at 4°C for a week, until the complete pigment extraction. The concentration of 
chlorophylls and carotenoids was evaluated spectrophotometrically using the 
following formula. 
[Chl a] µg/mL = 12A663,8 – 3.11 A646.8 
 
[Chl b] µg/mL = 20.78 A646.8 – 4.88 A663.8 
 
a% = (100mA + 50mA + 10mA) / 100 
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[Car] µg/mL = (1000 A480 – 1.12 [Chl a] – 34.7 [Chl b] / 245) 
8 - Artemisinin extraction and HPLC analysis 
Dried leaves were finely crushed in a mortar to obtain a homogenous compound 
that was used for artemisinin extraction according with Lapkin et al. (7), with 
some modifications. For each extraction, 12.5 mL of acetone 100% were added 
to 0.5 g of leaf dry material (of each plant), in a centrifuge tube. The sample was 
stirred at 250 rpm for 30 minutes at room temperature, and centrifuged at 13000 
rpm for 60 minutes at 22°C. The pellet was removed, and the supernatant filtered 
with 0.20 µm filter and aliquoted into eppendorfs, each containing 800 µL of 
extract. Later, samples were concentrated in speedvac for 30 minutes, 
resuspended in 900 µL of mobile phase (Acetonitrile 50%, HPLC Water 30%, 
Methanol 20%) and left to settle for one hour at room temperature. Then, they 
were centrifuged at 13000 rpm for 1 minute and 20 µL of each sample were 
diluted 1:10 in the mobile phase, filtered with a 0.20 µm filter, loaded into vials 
and analyzed with HPLC. The used HPLC (Agilent 1260 Infinity Series 
Quaternary LC) composed by a solvent cabinet, a quaternary pump, an 
autosampler with thermostat, and a diode array or variable wavelength detector 
(UVD-DAD). Artemisinin detection was performed at 280 nm, using an injection 
volume of 5 µL. The artemisinin calibration curve was constructed using 
different concentrations of an analytical standard (artemisinin No. 69532 - 10 mg, 
Sigma-Aldrich). The chromatographic run was performed in isocratic mode with 
mobile phase consisting of Acetonitrile (5%), HPLC Water (65%), Methanol 
(30%) at a flow rate of 1.2 mL/min and a column temperature of 45°C. In 
addition, the artemisinin peak was identified in comparison to the retention time 
of artemisinin standard and through the injection of the sample containing a 




9 - Volatile profile analysis 
Plant leaves (about 2 g for each plant) were picked during the sampling, frozen 
in liquid nitrogen and stored at -80°C until their using time. Shoot volatiles were 
analysed by Gas Chromatography-Mass Spectrometry (GC-MS) according to 
Vidic et al. (8), 1 g of frozen leaves were crushed in liquid nitrogen into a mortar 
and put into a glass vial filled with 10 mL of dichloromethane (CH2Cl2 Sigma-
Aldrich 95%). It was hermetically closed and put in stirring at 200 rpm for 24 h 
at room temperature. Then the samples were analysed with Thermo Scientific 
Trace 1300 Gas Chromatography-Single Quadrupole Mass Spectometer (ISQ-
LT) instrument; GC separation was done with a Phenomenez DB5-5ms capillary 
column, at an injection temperature of 250°C in spitless mode, utilizing helium 
as a gas carrier at flow rate of 1.0 mL min-1. MS signal was acquired through El+ 
mode with 70.0 eV ionization energy, source temperature of 290°C. The 
detection was done both in full-scan mode (range 35-500 m/z) and Single Ion 
Monitoring (SIM). The peak integration and identification were done with 
Chromeleon Chromatography Studio, using different database: nist_msms, 
nist_msms2, nist_ri, NISTDEMO, and WileyFragrans.  
10 - Statistical analysis 
The mean value and the relative standard error of the considered parameters were 
calculated. The data obtained were compared by means of the ANOVA test. The 
significance of the differences (p < 0.05) were established by the Fisher’s post 
hoc comparison test. For p < 0.05 the differences among the parameters were 
considered significant; for values of p < 0.001 they were considered highly 
significant; for values above 0.05 they were considered not significant. 
Furthermore, data were analysed by the two-way ANOVA using “Fungus” (F) 
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and “Bacterium” (B), and “Treatment” and “Time” as factors. The processing 
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1 - First experiment | Clone 26 (CL26) 
The number of plants and the used microorganisms are reported in the following 
table: 
Treatment Label Number of plants 
No microorganisms Control 8 
P. protegens strain Pf7 Pf7 10 
F. mosseae BEG12 BEG12 10 
F. mosseae BEG12 and P. protegens strain Pf7 Pf7 + BEG12 10 
1.1 - Mycorrhizal colonization 
The CL26 uninoculated plants and those inoculated with P. protegens (Pf7) 
showed no fungus presence (Figure 13). The plants inoculated with F. mosseae 
(BEG12) showed low mycorrhization frequency and percentage (F%= 1%, M%= 
0,2%) and the arbuscule abundance was negligible (A% next to zero). In plants 
co-inoculated with F. mosseae (BEG12) and P. protegens (Pf7), the F%, M% and 
A% had higher values than the other treatments. This last treatment exhibited 
significant differences compared to all the others. Regarding the F%, as showed 
by the two-way ANOVA, both factors (“Fungus” and “Bacterium”) and their 
interaction were highly significant; instead, concerning the M%, the “Fungus” 
(F) factors was highly significant, and the “Bacterium” (B) factor and the 




Figure 13. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A), of the mycorrhization percentage: M% (B), of the arbuscule abundance: A% (C) of 
A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. protegens Pf7, BEG12: 
plants inoculated with F. mosseae and BEG12+Pf7: plants co-inoculated with F. mosseae and P. 
protegens Pf7. Different letters among treatments express statistically significant differences (p < 0.05). 
The box on the top right side reports the two-way ANOVA. F: Fungus factor; B: Bacterium factor; F*B: 
interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 
***. 
 







1 170,040 170,040 47,628 <,0001 47,628 1,000
1 80,111 80,111 22,439 <,0001 22,439 ,999
1 80,111 80,111 22,439 <,0001 22,439 ,999
34 121,385 3,570



















1.2 - Morphometric and weight parameters      
1.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight  
The shoot and leaf biomass, both in fresh and dry weight, and the ratio of shoot 
dry/fresh weight did not show significant differences among the plant treatments 
(data are reported in Annex A, table 1). 
1.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Concerning the root system, no differences in the root fresh weight among the 
plant treatments were reported (data are reported in Annex A, table 1); instead, 
the root dry weight (Figure 14 A) had the lowest values in the plants inoculated 
with the bacterium alone (Pf7), and these plants were significantly different from 
all other plant treatments. Control plants, plants inoculated with the fungus alone 
(BEG12) and those co-inoculated with both microorganisms (BEG12+Pf7) were 
similar to each other. According to the two-way ANOVA, only the “Bacterium” 
factor (B) was significant. Instead, the root ratio of dry on fresh weight (Figure 
14 B) had the highest values in the co-inoculated plants (BEG12+Pf7) and these 
plants were significantly different from all other plant treatments. The plants 
inoculated with Pf7 alone showed the lowest values, and they were significantly 
different from all other plant treatments; whereas the plants inoculated with the 
fungus alone (BEG12) and those uninoculated were similar to each other. They 
showed intermediate ratio values between the two aforementioned treatments. 
Both the “Fungus” factor (F) and the interaction between F and B were highly 




Figure 14. The figure shows the mean values and the relative standard error of the dry weight (A), and 
root dry to fresh weight (B) in A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated 
with P. protegens Pf7, BEG12: plants inoculated with F. mosseae and BEG12+Pf7: plants co-inoculated 
with F. mosseae and P. protegens Pf7. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
1.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
The values of root/shoot ratio of fresh weight, did not show significant 
differences between all the plant treatments (data are reported in Annex A, table 
1). On the contrary, the root/shoot ratio of dry weight had the lowest values in 
the plants inoculated with Pf7 alone, these plants were significantly different 
from the uninoculated plants and the plants inoculated with BEG12 alone (Figure 
15). Uninoculated, co-inoculated (BEG12+Pf7) plants and those inoculated with 





1 ,004 ,004 15,550 ,0004 15,550 ,981
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1 3,668 3,668 ,467 ,4983 ,467 ,099
1 6,625 6,625 ,844 ,3639 ,844 ,139
1 9,226 9,226 1,175 ,2849 1,175 ,175
40 314,122 7,853
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comparing with plants inoculated with Pf7 alone. Only the “Bacterium” factor 
(B) was significant (two-way ANOVA). 
  
Figure 15. The figure shows the mean values and the relative standard error of the root to shoot of fresh 
dry weight  in A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. protegens 
Pf7, BEG12: plants inoculated with F. mosseae and BEG12+Pf7: plants co-inoculated with F. mosseae 
and P. protegens Pf7. Different letters among treatments express statistically significant differences (p < 
0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
1.2.4 - Stem height, root length and their ratio 
Regarding the stem height, the root length, and the ratio between these two last 
parameters, no significant differences between the different plant treatments were 
observed (data are reported in Annex A, table 1). 
1.3 - Leaf photosynthetic pigment concentrations 
Concerning the photosynthetic pigments, the chlorophyll a and b concentrations 
showed the same trend (Figure 16 A, B). The highest concentrations were 
registered in the co-inoculated plants (BEG12+Pf7) and they were significantly 
different if compared to all other plant treatments. The plants inoculated with Pf7 
alone and those inoculated with BEG12 alone showed lower concentrations of 
chlorophylls compared to the previous one; they were similar to each other, but 







concentrations of chlorophylls in the leaves, and these plants were significantly 
different from all other plant treatments except for the chlorophyll a 
concentration in which they were similar to the plants inoculated with BEG12 
alone (Figure 16 A). According to the two-way ANOVA, the “Fungus” factor (F) 
was significant, and the “Bacterium” factor was highly significant. 
 
 
Figure 16. The figure shows the mean values and the relative standard error of the chlorophyll a (A) and  
chlorophyll b (B) concentrations in A. annua plants (clone 26). Control: control plants, Pf7: plants 
inoculated with P. protegens Pf7, BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-
inoculated with F. mosseae and P. protegens Pf7. Different letters among treatments express statistically 
significant differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which 
F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not 
significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
The chlorophyll a/b ratio (Chl a/Chl b, Figure 17 A) had the highest values in the 
control plants: these plants were significantly different from all other plant 
treatments. Whereas plants inoculated with microorganisms alone (Pf7 and 













to controls, and they were similar to each other. According to the two-way 
ANOVA, the interaction between “Fungus” and “Bacterium” factors (F*B) only 
was significant.  
 
Figure 17. The figure shows the mean values and the relative standard error of the chlorophyll a to 
chlorophyll b ratio (A), and the carotenoid concentration (B) in A. annua plants (clone 26). Control: 
control plants, Pf7: plants inoculated with P. protegens Pf7, BEG12: plants inoculated with F. mosseae 
and BEG12+Pf7: plants co-inoculated with F. mosseae and P. protegens Pf7. Different letters among 
treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 
and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
Carotenoids (Figure 17 B) had the highest concentrations in the leaves of the co-
inoculated plants (BEG12+Pf7), and these plants were significantly different 
from all other plant treatments. The control plants, plants inoculated with Pf7 
alone and those inoculated with BEG12 alone had lower carotenoid 
concentrations compared to the co-inoculated plants. In this case, the 













the interaction between the two factors (F*B) were significant (two-way 
ANOVA). 
2 - Second experiment – Clone 10 (CL10) and Clone 24 (CL24) 
In this experiment two clones (CL10 and CL24) were inoculated with different 
soil microorganisms. The used materials and methods are the same reported in 
the section “Materials and Methods”. 
2.1 | Clone 10 (CL10) 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 5 
P. protegens strain Pf7 Pf7 5 
P. brassicacearum strain SVB6R1 SVB6R1 6 
P. protegens strain Pf7 and P. brassicacearum 
strain SVB6R1 
Pf7 + SVB6R1 7 
F. mosseae BEG12 BEG12 6 
F. mosseae BEG12 and P. protegens strain Pf7 BEG12 + Pf7 7 
F. mosseae BEG12 and P. brassicacearum 
strain SVB6R1 
BEG12 + SVB6R1 7 
2.1.1 - Mycorrhizal colonization 
In the Figure 18 are represented the mycorrhizal parameters of CL10 plants: the 
control plants, plants inoculated with Pf7 or SVB6R1, and those co-inoculated 
with both bacteria (Pf7+SVB6R1) did not show any traces of fungal colonization 




Figure 18. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A), of the mycorrhization percentage: M% (B), of the arbuscule abundance A% (C) of 
A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. protegens; SVB6R1: 
plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. protegens and P. 
brassicacearum; BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-inoculated with F. 
mosseae and P. protegens; BEG12+SVB6R1: pants co-inoculated with F. mosseae and P. 
brassicacearum. Different letters among treatments express statistically significant differences (p < 
0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
On the other hand, all the inoculated plants showed low values of colonization; 
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highest frequency of mycorrhization (F%) and the mycorrhizal percentage (M%), 
about 25% and 2.5% respectively, followed by plants inoculated with BEG12 
alone, and finally by those co-inoculated with BEG12 and Pf7. Significant 
differences were reported between plants co-inoculated with the same fungus but 
with the two different bacteria. Concerning the arbuscule abundance (A%; Figure 
18 C), no significant differences were reported between plants inoculated 
(BEG12) and co-inoculated (BEG12+Pf7; BEG12+SVB6R1); instead, these 
plants were significantly different from the control and bacterial plants. For all 
the considered parameters only the “Fungus” factor was highly significant (two-
way ANOVA). Moreover, no traces of vesicles in the root system were 
registered. 
2.1.2 - Morphometric and weight parameters      
2.1.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
The shoot biomass showed significant differences between the plant treatments 
only for the dry biomass (leaf and shoot), whereas no significant differences in  
the fresh biomass (leaf and shoot; data are reported in Annex A, table 2.1) were 
recorded. Regarding the shoot and leaf dry weights (Figure 19 A, B), plants co-
inoculated with BEG12 and Pf7 or SVB6R1 had the highest values, and these 
plants were significantly different from control plants, plants inoculated with Pf7 
or BEG12 alone. Instead, these latter plant treatments had the lowest weights, 
and in this case only the plants inoculated with Pf7 alone were significantly 
different from plants inoculated with SVB6R1. The two-way ANOVA showed 
that only the “Bacterium” factor influenced the analysis. 




Figure 19. The figure shows the mean values and the relative standard error of the shoot (A) and leaf (B) 
dry weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-
inoculated with F. mosseae and P. protegens; BEG12+SVB6R1: pants co-inoculated with F. mosseae 
and P. brassicacearum. Different letters among treatments express statistically significant differences (p 
< 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
 
Looking at the shoot ratio of dry on fresh weight (Figure 20), it was registered 
the same trend observed in shoot and leaf dry weights, with a difference: plants 
co-inoculated with BEG12 and Pf7 were similar to control plants. In regard to 
these two latter parameters, the differences between the various treatments were 















Figure 20. The figure shows the mean values and the relative standard error of the shoot dry weight to 
fresh weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-
inoculated with F. mosseae and P. protegens; BEG12+SVB6R1: pants co-inoculated with F. mosseae 
and P. brassicacearum. Different letters among treatments express statistically significant differences (p 
< 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
2.1.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Concerning the fresh and dry weights of the root system, no significant 
differences between all the plant treatments were recorded (data are reported in 
Annex A, table 2.1). A different trend was registered for the ratio of root dry/fresh 
weight (Figure 21), in fact plants co-inoculated with BEG12 and Pf7 or SVB6R1 
had the higher values if compared to all the other plant treatments. Furthermore, 
plants co-inoculated with BEG12 and Pf7 were significantly different from those 
inoculated with Pf7 alone and those co-inoculated with both bacteria 
(Pf7+SVB6R1), whereas plants co-inoculated with BEG12 and SVB6R1 were 
significantly different only from those inoculated with Pf7 alone. The interaction 









Figure 21. The figure shows the mean values and the relative standard error of the root dry to fresh 
weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. protegens; 
SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. 
protegens and P. brassicacearum; BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-
inoculated with F. mosseae and P. protegens; BEG12+SVB6R1: pants co-inoculated with F. mosseae 
and P. brassicacearum. Different letters among treatments express statistically significant differences (p 
< 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
2.1.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
In regard to the values of fresh weight ratio, no significant differences were 
registered between all the plant treatments (data are reported in Annex A, table 
2.1). Instead, in the case of the dry weight ratio (Figure 22), the control plants 
were significantly different from all the other plant treatments, except for the 
plants inoculated with SVB6R1 alone. The two-way ANOVA showed that both 








Figure 22. The figure shows the mean values and the relative standard error of the root to shoot ratio of 
dry weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-
inoculated with F. mosseae and P. protegens; BEG12+SVB6R1: pants co-inoculated with F. mosseae 
and P. brassicacearum. Different letters among treatments express statistically significant differences (p 
< 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
2.1.2.4 - Stem height, root length and their ratio 
In stem height  no significant differences between all the plant treatments were 
reported (data are reported in Annex A, table 2.1). Instead, the control plants, the 
plants inoculated with SVB6R1 alone, and those inoculated with BEG12 alone 
had the highest root length (Figure 23 A). However, plants inoculated with 
BEG12 alone were significantly different from those inoculated with Pf7 alone, 
co-inoculated plants with both bacteria (Pf7+SVB6R1), and co-inoculated with 
BEG12 and Pf7 or SVB6R1; while, control plants and plants inoculated with 
SVB6R1 alone were different only from those inoculated with Pf7 alone. These 
last plants had the lowest length of root, and they were similar to all the co-
inoculated plants (Pf7+SVB6R1; BEG12+Pf7; BEG12+SVB6R1). The ratio of 
stem height on root length (Figure 23 B) showed a different trend: control plants 
and those inoculated with BEG12 alone had the lowest values, and these plants 
were similar to each other. However, plants inoculated with BEG12 alone were 







were not different from plants co-inoculated with BEG12 and Pf7. The 
“Bacterium” factor significantly affected the considered parameters, as 
confirmed by the two-way ANOVA.   
 
Figure 23. The figure shows the mean values and the relative standard error of the root length (A), and 
stem height to root length ratio (B) of A. annua plants (clone 10). Control: control plants, Pf7: plants 
inoculated with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants 
co-inoculated with P. protegens and P. brassicacearum; BEG12: plants inoculated with F. mosseae; 
BEG12+Pf7: plants co-inoculated with F. mosseae and P. protegens; BEG12+SVB6R1: pants co-
inoculated with F. mosseae and P. brassicacearum. Different letters among treatments express 
statistically significant differences (p < 0.05). The box on the top right side reports the two-way ANOVA, 
in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. 
ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
2.1.3 - Leaf photosynthetic pigment concentrations 
No significant differences in the concentrations of chlorophyll a, b, and 
carotenoids between all the plant treatments were recorded (data are reported in 
Annex A, table 2.1). The chlorophyll a/b ratio (Figure 24) was higher in plants 













both bacteria (Pf7+SVB6R1) or with BEG12+Pf7, if compared to all the other 
plant treatments. These four plant treatments were significantly different from 
control plants, plants inoculated with Pf7 alone, and those co-inoculated with 
BEG12+SVB6R1, that showed a decrease in the ratio. The co-inoculation (F*B) 
was responsible for these differences, as showed by the two-way ANOVA.   
 
Figure 24. The figure shows the mean values and the relative standard error of the chlorophyll a / b ratio 
in the leaves of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-
inoculated with F. mosseae and P. protegens; BEG12+SVB6R1: pants co-inoculated with F. mosseae 
and P. brassicacearum. Different letters among treatments express statistically significant differences (p 
< 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 















1 ,074 ,074 3,596 ,0654 3,596 ,442
1 ,007 ,007 ,329 ,5697 ,329 ,085
1 ,126 ,126 6,183 ,0173 6,183 ,680
39 ,798 ,020
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2.2 | Clone 24 (CL24) 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 6 
P. protegens strain Pf7 Pf7 6 
P. brassicacearum strain SVB6R1 SVB6R1 7 
P. protegens strain Pf7 and P. 
brassicacearum strain SVB6R1 
Pf7 + SVB6R1 7 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum; 
AMF mix 6 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens 
strain Pf7 
AMF mix + Pf7 7 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. 
brassicacearum strain SVB6R1 
AMF mix + SVB6R1 5 
2.2.1 - Mycorrhizal colonization 
Control plants and plants inoculated or co-inoculated with both bacteria did not 
show any trace of mycorrhizal colonization, as we expected. Plants inoculated 
with AMF mix had the highest frequency of mycorrhization (F% about 22%; 
Figure 25 A), followed by AMF mix+SVB6R1 and AMF mix+Pf7, respectively. 
The first two plant treatments were similar to each other but significantly 
different from this latter. The two-way ANOVA showed that the “Bacterium” 
factor and the interaction between the two factors (“Bacterium” and “Fungus”) 




Figure 25. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A) and of the mycorrhization percentage: M% (B) of A. annua plants (clone 24). Control: 
control plants, Pf7: plants inoculated with P. protegens; SVB6R1: plants inoculated with P. 
brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. protegens and P. brassicacearum; AMF 
mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
protegens; AMF mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different 
letters among treatments express statistically significant differences (p < 0.05). The box on the top right 
side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction 
between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
A similar trend was recorded for the mycorrhizal percentage (M%; Figure 25 B), 
it was about 2.5% in plants inoculated with AMF mix alone, 2% in plants co-
inoculated with AMF mix and SVB6R1, and less than 1.5% in plants co-
inoculated with AMF mix+Pf7. However, plants co-inoculated with AMF mix 
and SVB6R1 were not different from those inoculated with fungal mix and Pf7. 
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Figure 26. The figure shows the mean values and the relative standard error of the arbuscule abundance: 
A% (A) and of the vesicle abundance: V% (B) of A. annua plants (clone 24). Control: control plants, 
Pf7: plants inoculated with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; 
Pf7+SVB6R1: plants co-inoculated with P. protegens and P. brassicacearum; AMF mix: plants 
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum; AMF mix+Pf7: plants co-inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens; AMF 
mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 
and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
The arbuscule abundance (A%; Figure 26 A) did not show significant differences 
between plants inoculated with AMF mix alone and those co-inoculated with 
AMF mix and Pf7; nevertheless, these three plant treatments were significantly 
different from control plants and plants inoculated or co-inoculated with Pf7 and 
SVB6R1. The percentage of vesicles (V%; Figure 26 B) had the same trend 
above described, with values of about 0.15%, but in this case only the plant co-













and bacterial plants. In both cases, as confirmed by the two-way ANOVA, the 
“Fungus” factor only was responsible for the detected differences. 
2.2.2 - Morphometric and weight parameters      
2.2.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
The shoot and leaf biomass, both fresh and dry, did not show significant 
differences between the different plant treatments (data are reported in Annex A 
table 2.2).  
 
Figure 27. The figure shows the mean values and the relative standard error of the shoot dry to fresh 
weight of A. annua plants (clone 24). Control: control plants, Pf7: plants inoculated with P. protegens; 
SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. 
protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants 
co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
Concerning the shoot dry/fresh weight ratio (Figure 27), the highest values were 
observed in control plants, plants inoculated with Pf7 alone and in those 





1 ,002 ,002 3,577 ,0659 3,577 ,440
1 ,004 ,004 9,072 ,0045 9,072 ,852
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40 ,017 4,367E-4
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However, the first two groups of plants were significantly different from all the 
other plant treatments, whereas the latter group (AMF mix) was significantly 
different only from AMF mix+SVB6R1 co-inoculated plants. All the other plant 
treatments had significantly lower values of the ratio comparing to the previous 
ones, and they were similar to each other. According to the two-way ANOVA, 
the “Bacterium” factor only was significant. 
2.2.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Control plants, plants inoculated with SVB6R1 alone and those co-inoculated 
with AMF mix+Pf7 showed higher values of fresh root biomass (Figure 28 A), 
if compared to all the other plant treatments; they were similar to each other and 
significantly different only from plants co-inoculated with both bacteria 
(Pf7+SVB6R1). This latter group of plants had the lowest values of fresh 
biomass, nevertheless it was similar to plants inoculated with Pf7 alone, or AMF 
mix alone and those co-inoculated with fungal mix and SVB6R1. The two-way 
ANOVA did not show any significance for the considered factors. The root dry 
weight had a different trend (Figure 28 B): the highest weight was recorded in 
control plants, and these plants were significantly different from all the other 
plant treatments, except for the plants inoculated with SVB6R1 alone and with 
AMF mix alone. These two last groups of plants had lower root dry weights, 
comparable to the plants co-inoculated with AMF mix and Pf7 or SVB6R1, and 
they were different only from plants inoculated with Pf7 alone and co-inoculated 





Figure 28. The figure shows the mean values and the relative standard error of the root fresh (A) and dry 
(B) weight, and root ratio of dry to fresh (C) of A. annua plants (clone 24). Control: control plants, Pf7: 
plants inoculated with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: 
plants co-inoculated with P. protegens and P. brassicacearum; AMF mix: plants inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum; AMF mix+Pf7: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens; AMF 
mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 





1 ,001 ,001 ,003 ,9602 ,003 ,050
1 4,550 4,550 10,920 ,0020 10,920 ,915
1 2,053 2,053 4,928 ,0322 4,928 ,575
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1 9,524E-5 9,524E-5 ,179 ,6746 ,179 ,069
1 ,007 ,007 13,693 ,0006 13,693 ,966
1 ,001 ,001 1,610 ,2119 1,610 ,223
40 ,021 ,001










1 3,668 3,668 ,467 ,4983 ,467 ,099
1 6,625 6,625 ,844 ,3639 ,844 ,139
1 9,226 9,226 1,175 ,2849 1,175 ,175
40 314,122 7,853











Finally, plants co-inoculated with both bacteria and those inoculated with Pf7 
alone had the lowest values of root dry biomass, thus showing similar to one 
another; however, the plants inoculated with both bacteria (Pf7+SVB6R1) were 
also similar to those co-inoculated with the fungal mix and SVB6R1. Either the 
“Bacterium” factor or its interaction with the “Fungus” factor significantly 
influenced this parameter, as underlined by the two-way ANOVA. Looking at 
the ratio of root dry/fresh weight (Figure 28 C), control plants and those 
inoculated with AMF mix alone had higher values in comparison with all the 
other plant treatments, and they were similar to each other and to the plants co-
inoculated with AMF mix and SVB6R1. Nevertheless, only the control plants 
were significantly different from all the other plant treatments. Instead, plants 
inoculated with Pf7 alone and those co-inoculated with both bacteria 
(Pf7+SVB6R1) showed lower values of the ratio, in comparison to the previous 
ones, and they were similar to each other and to all the other plant treatments, 
with the exception of plants inoculated with AMF mix and control plants. 
According to the two-way ANOVA, only the “Bacterium” factor was significant. 
2.2.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Controls and plants inoculated with SVB6R1 alone had the higher values of 
root/shoot ratio (fresh weight; Figure 29 A), and they were similar to one another 
but significantly different only from the plants co-inoculated with Pf7+SVB6R1. 
This latter group of plants showed the lowest values and differed even from AMF 
mix+Pf7 plants. The ratio between root/shoot dry biomass (Figure 29 B) reported 
a slightly different trend: control plants had the highest values, but they were 
different only from the plants inoculated with Pf7 and from those co-inoculated 
with both bacteria (Pf7+SVB6R1). These two latter groups of plants, on the 
contrary, showed the lowest values. The two-way ANOVA underlined that the 
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“Bacterium” factor and its interaction with the “Fungus” factor (F*B) were 
significant. 
 
Figure 29. The figure shows the mean values and the relative standard error of the root to shoot ratio of 
fresh weight (A), and root to shoot ratio of dry weight (B) of A. annua plants (clone 24). Control: control 
plants, Pf7: plants inoculated with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; 
Pf7+SVB6R1: plants co-inoculated with P. protegens and P. brassicacearum; AMF mix: plants 
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum; AMF mix+Pf7: plants co-inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens; AMF 
mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 
and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
2.2.2.4 - Stem height, root length and their ratio 
All the plants had similar heights of the stem, and no significant differences 
between the various treatments were recorded (data are reported in Annex A, 
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root length (30 A), if compared to all the other plant treatments; furthermore, they 
were different from all the other plant treatments, except for the plants co-
inoculated with AMF mix+Pf7.  
 
Figure 30. The figure shows the mean values and the relative standard error of the root length (A), and 
stem height to root length (B) of A. annua plants (clone 24). Control: control plants, Pf7: plants inoculated 
with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-
inoculated with P. protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF 
mix+Pf7: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated 
with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
On the contrary, the lowest length was registered in plants co-inoculated with 
both bacteria (Pf7+SVB6R1): these plants were also significantly different from 
those inoculated with SVB6R1 alone and co-inoculated with AMF mix and Pf7. 
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The ratio between stem height and root length (Figure 30 B) was the highest in 
plants inoculated with Pf7 alone and in those co-inoculated with Pf7+SVB6R1, 
these plants were similar to one another and to the control plants. Whereas lower 
values of the ratio were reported in plants inoculated with SVB6R1 alone and co-
inoculated with AMF mix and SVB6R1; however, they were significantly 
different only from plants inoculated with Pf7 and those co-inoculated with both 
bacteria. In this case, the two-way ANOVA showed that both “Bacterium” factor 
(B) and its interaction with the “Fungus” factor (F*B) were responsible for this 
result. 
2.2.3 - Leaf photosynthetic pigment concentrations 
Concerning the chlorophyll a, b, and carotenoid concentrations, no significant 
differences between the different plant treatments were recorded (data are 
reported in Annex A, table 2.2). The chlorophyll a/b ratio (Figure 39 A) 
decreased in AMF mix+Pf7 co-inoculated plants. These plants were significantly 
different from control plants, plants inoculated with AMF mix alone, and from 
those co-inoculated with AMF mix+SVB6R1. According to the two-way 




Figure 31. The figure shows the mean values and the relative standard error of the chlorophyll a / b ratio 
in the leaves of A. annua plants (clone 24). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants 
co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 















1 ,013 ,013 ,360 ,5519 ,360 ,088
1 ,289 ,289 8,070 ,0070 8,070 ,804
1 1,551E-5 1,551E-5 4,331E-4 ,9835 4,331E-4 ,050
40 1,432 ,036





Tableau ANOVA pour Chl a/Chl b
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3 - Third experiment – Clone 10 (CL10) and Clone 6 (CL6) 
In this experiment two clones (CL10 and CL6) were inoculated with different 
soil microorganisms. The used materials and methods are the same reported in 
the section “Materials and Methods”. 
3.1 | Clone 10 (CL10) 
The number of plants and the soil microorganisms used in each treatment were 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 3 
P. protegens strain Pf7 Pf7 3 
P. brassicacearum strain SVB6R1 SVB6R1 3 
P. protegens strain Pf7 and P. brassicacearum 
strain SVB6R1 
Pf7 + SVB6R1 3 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum 
AMF mix 6 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens 
strain Pf7 
AMF mix + Pf7 7 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. 
brassicacearum strain SVB6R1 
 
 




3.1.1 - Mycorrhizal colonization 
The control plants and plants inoculated and co-inoculated with bacteria did not 
show any trace of root mycorrhization (Figure 32). Plants co-inoculated with 
AMF mix+SVB6R1 had the highest frequency of mycorrhization (F% about 
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20%; Figure 32 A) and root colonization (M% about 6%; Figure 32 B), while 
plants inoculated with AMF mix alone and those co-inoculated with AMF 
mix+Pf7 showed lower values compared to the previous ones. Nevertheless, no 
significant differences were registered between the before mentioned groups of 
plants. Only the AMF mix+SVB6R1 plants were significantly different from 
controls and plants inoculated or co-inoculated with both bacteria. The two-way 
ANOVA put on light that the “Fungus” factor was highly significant. The 
arbuscule abundance (A%, Figure 32 C) was higher in plants co-inoculated with 
AMF mix+SVB6R1, about 2.5%; while plants co-inoculated with AMF mix+Pf7 
had slightly lower percentage of arbuscules (about 1.5%, followed by plants 
inoculate with AMF mix alone (less than 0.5%). The last two groups of plants 
were similar to the control plants and to the plants inoculated and co-inoculated 
with both bacteria whom did not show any arbuscule presence. Instead, the plants 
co-inoculated with AMF mix+SVB6R1 were significantly different from all the 
other plant treatments, except for the plants co-inoculated with AMF mix+Pf7. 
In this case the “Fungus” factor was significant (Two-way ANOVA). Vesicles 
(V%) were present in all the plants inoculated with AM fungi, but the values were 
low and no significant differences were detected between the various treatments 





Figure 32. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A), of the mycorrhization percentage: M% (B), and of the arbuscule abundance: A% (C) 
of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. protegens; SVB6R1: 
plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. protegens and P. 
brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants co-
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 


















3.1.2 - Morphometric and weight parameters      
3.1.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
The shoot fresh biomass (Figure 33 A) had the highest values in plants co-
inoculated with AMF mix+Pf7 or SVB6R1, and these plants were similar to one 
another but only the plants co-inoculated with AMF mix and Pf7 were significant 
different from all the other plant treatments. Instead, those co-inoculated with 
AMF mix+SVB6R1 were different only from control plants, those inoculated 
with SVB6R1 and co-inoculated with both bacteria (Pf7+SVB6R1). In this latter 
group of plants, the lowest fresh weight of the epigeous biomass was observed, 
and it was significantly different from all the other plant treatments, with the 
exception of the control plants and plants inoculated with Pf7 alone. According 
to the two-way ANOVA, the “Fungus” factor was highly significant. On the other 
side, the dry weight of shoot biomass showed a different trend (Figure 33 B): 
plants inoculated with AMF mix alone had the highest dry weight, and they were 
significantly different from all the other plant treatments, except for the control 
plants and plants co-inoculated with AMF mix and Pf7. While the lowest values 
of dry biomass were registered in plants inoculated with SVB6R1 alone and in 
those co-inoculated with both bacteria, they were similar to each other but 
significantly different from plants inoculated with fungal mix alone and from 
those co-inoculated with AMF mix and Pf7. Both the “Fungus” and “Bacterium”  




Figure 33. The figure shows the mean values and the relative standard error of the shoot fresh (A) and 
dry (B) weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants 
co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
 
The leaf fresh weight did not vary in a significant manner between the various 
treatments (data are reported in Annex A, table 3.1). Whereas, the leaf dry weight 
(Figure 34) had the same trend observed for the epigeous biomass: plants 
inoculated with Pf7 alone and those co-inoculated with both bacteria showed the 
lowest weights, and they were significantly different only from the plants 
inoculated with AMF mix alone and co-inoculated with AMF mix+Pf7. The 













were also significantly different from those inoculated with Pf7 alone. According 
to the two-way ANOVA, both factors (“Fungus” and “Bacterium”) influenced 
this parameter. 
 
Figure 34. The figure shows the mean values and the relative standard error of the leaf dry weight of A. 
annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. protegens; SVB6R1: 
plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. protegens and P. 
brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants co-
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
The ratio of shoot dry/fresh weight (Figure 35) was the highest in plants 
inoculated with AMF mix alone and in control plants, these two groups were 
similar to one another. However, only those inoculated with AMF mix were 
significantly different from all the other plant treatments. While, all the other 
treatments had lower and similar values of the ratio, showing similar to each 
other. In this case, only the “Bacterium” factor influenced this parameter, as 








Figure 35. The figure shows the mean values and the relative standard error of the shoot dry to fresh 
weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. protegens; 
SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. 
protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants 
co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
3.1.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Root biomass and root dry/fresh weight ratio (Figure 36) values changed in 
response to the inoculation of different microorganisms. In particular, plants 
inoculated with both bacteria and control plants showed an increase of root fresh 
biomass (A) comparing to all the other treatments, and were similar to each other 
and to the plants inoculated with Pf7 alone and co-inoculated with AMF mix and 
Pf7. The lowest values of the fresh weight were observed in plants inoculated 
with fungal mix alone, and these plants were significantly different from those 
co-inoculated with both bacteria or with AMF mix+Pf7, and control plants. The 
“Fungus” factor and its interaction with “Bacterium” factor were significant 







between all the plant treatments were recorded (data are reported in Annex A, 
table 3.1). 
 
Figure 36. The figure shows the mean values and the relative standard error of the root fresh (A), and of 
the root dry to fresh weight ratio (B) of A. annua plants (clone 10). Control: control plants, Pf7: plants 
inoculated with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants 
co-inoculated with P. protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF 
mix+Pf7: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated 
with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
Different speech for the ratio of root dry/fresh weight (Figure 36 B): plants 
inoculated with AMF mix alone had the highest values, which were significantly 
different from all the other plant treatments. All the other plant treatments showed 













inoculated with SVB6R1 alone and those co-inoculated with AMF 
mix+SVB6R1. According to the two-way ANOVA, the “Fungus” factor was 
highly significant, and the “Bacterium” factor and the interaction between the 
two factors (F*B) were also significant. 
3.1.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Looking at the ratio of root/shoot fresh weight (Figure 37), it was lower in plants 
inoculated with Pf7 or SVB6R1 alone, in plant inoculated with AMF mix alone, 
and in those co-inoculated with AMF mix and Pf7 or SVB6R1, if compared to 
the control plants and plants co-inoculated withPf7+SVB6R1. These two latter 
groups of plants were similar to each other, but significantly different from all 
the other plant treatments, with the exception of control plants and plants 
inoculated with Pf7 alone.  
 
Figure 37. The figure shows the mean values and the relative standard error of the root to shoot ratio of 
fresh weight of A. annua plants (clone 10). Control: control plants, Pf7: plants inoculated with P. 
protegens; SVB6R1: plants inoculated with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with 
P. protegens and P. brassicacearum; AMF mix: plants inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; AMF mix+Pf7: plants 
co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens; AMF mix+SVB6R1: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 







While plants inoculated with AMF mix were also different from those inoculated 
with Pf7 alone and from those co-inoculated with AMF mix+Pf7. The two-way 
ANOVA put on light that the “Fungus” factor was highly significant, and its 
interaction with the “Bacterium” factor was significant. Instead, in regard to the 
ratio of root/shoot dry weight, no significant differences among all the plant 
treatments were recorded (data are reported in Annex A, table 3.1). 
3.1.2.4 - Stem height 
The stem height did not show significant differences among all the plant 
treatments (data are reported in Annex A, table 3.1). 
3.1.3 - Leaf photosynthetic pigment concentrations 
The concentration of chlorophyll a and carotenoids did not show significant 
differences between the plant treatments (data are reported in Annex A, table 
3.1). Instead, the chlorophyll b concentration (Figure 38 A) had the highest value 
in plants co-inoculated with both bacteria, and these plants were significantly 
different from all the other plant treatments, with the exception of the plants 
inoculated with Pf7 or SVB6R1 alone. All the other remained plant treatments 
had lower concentrations and were similar to each other. In this case, only the 
“Fungus” factor was responsible for these differences (two-way ANOVA). 
Regarding the ratio between chlorophyll a and b (Figure 38 B), all the plants 
inoculated or co-inoculated with AMF mix had higher values of the ratio, 
comparing to all the other plant treatments. However, only the plants inoculated 
with fungal mix alone were different from the remained treatments. Whereas the 
lowest value of the ratio was observed in plants co-inoculated with both bacteria, 
and these plants were significantly different from control plants, plants inoculated 
with AMF mix, and from those co-inoculated with AMF mix and Pf7 or 
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SVB6R1. In this case, the two-way ANOVA underlined that the “Fungus” factor 
was highly significant. 
 
  
Figure 38. The figure shows the mean values and the relative standard error of the chlorophyll b (A) 
concentrations, and chl a / b ratio (B)  in the leaves of A. annua plants (clone 10). Control: control plants, 
Pf7: plants inoculated with P. protegens; SVB6R1: plants inoculated with P. brassicacearum; 
Pf7+SVB6R1: plants co-inoculated with P. protegens and P. brassicacearum; AMF mix: plants 
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum; AMF mix+Pf7: plants co-inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens; AMF 
mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 


















3.2 | Clone 6 (CL6) 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 6 
P. protegens strain Pf7 Pf7 6 
P. brassicacearum strain SVB6R1 SVB6R1 7 
P. protegens strain Pf7 and P. 
brassicacearum strain SVB6R1 
 
Pf7 + SVB6R1 
 
7 
F. mosseae BEG12 BEG12 6 
F. mosseae BEG12 and P. protegens 
strain Pf7 
 
BEG12 + Pf7 
 
7 
F. mosseae BEG12 and P. 
brassicacearum strain SVB6R1 
 




3.2.1 - Mycorrhizal colonization 
In control plants and in plants inoculated or co-inoculated with both bacteria, 
traces of fungal colonization in the root were not detected (Figure 39). Plants co-
inoculated with BEG12+SVB6R1 showed higher frequency of mycorrhization 
(F% less than 5%; Figure 39 A), compared to the plants inoculated with BEG12 
alone and those co-inoculated with BEG12+Pf7, which showed slightly lower 
values (less than 3% and about 3%, respectively). However, only the plants co-
inoculated with BEG12 and Pf7 or SVB6R1 were significantly different from 
plants not inoculated with the fungus. The two-way ANOVA showed that the 
“Fungus” factor was highly significant. Looking at the percentage of colonization 
(M%; Figure 39 B), it followed the same trend before described for the F%, with 
values about of 1.2% in plants co-inoculated with BEG12+SVB6R1, 0.7% in 
plants co-inoculated with BEG12+Pf7, and slightly over 0.4% in plants 
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inoculated with BEG12 alone. Moreover, only the plants co-inoculated with 
fungus and SVB6R1 were significantly different from plants not inoculated with 
the fungus. Also in this case the “Fungus” factor was significant, as showed by 
the two-way ANOVA.   
 
Figure 39. The figure shows the mean values and the relative standard error of the frequency of 
mycorrhization: F% (A), and of the mycorrhization percentage: M% (B) in the root of A. annua plants 
(clone 6). Control: control plants, Pf7: plants inoculated with P. protegens; SVB6R1: plants inoculated 
with P. brassicacearum; Pf7+SVB6R1: plants co-inoculated with P. protegens and P. brassicacearum; 
BEG12: plants inoculated with F. mosseae; BEG12+Pf7: plants co-inoculated with F. mosseae and P. 
protegens; BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. brassicacearum. Different 
letters among treatments express statistically significant differences (p < 0.05). The box on the top right 
side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction 
between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
 
The arbuscules (A%) were present only in plants inoculated or co-inoculated with 
the fungus, with a low percentage of arbuscules, about and less than 0.2%, in all 













and no differences between all the plant treatments were detected (data are 
reported in Annex A, table 3.2).  
3.2.2 - Morphometric and weight parameters     
3.2.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
Concerning the epigeous biomass (shoot and leaves), plants did not show 
significant differences among all the plant treatments, both in fresh and dry 
weight (data are reported in Annex A, table 3.2). Also for the dry on fresh weight 
ratio of the shoot, plants were all similar to each other and no significantly 
differences between the plant treatments were recorded (data are reported in 
Annex A, table 3.2). 
3.2.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
The root biomass (fresh and dry) and the ratio of root dry/fresh weight did not 
show significant differences among all the plant treatments (data are reported in 
Annex A, table 3.2). 
3.2.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
No significant differences in the ratio of root/shoot fresh and dry weight between 
the various treatments were observed (data are reported in Annex A, table 3.2). 
3.2.2.4 - Stem height 
Concerning the stem height, plants were similar to each other and no significant 
differences among all the treatments were registered (data are reported in Annex 




3.2.3 - Leaf photosynthetic pigment concentrations 
Regarding the concentrations of chlorophylls (Chl a and b), their ratio, and 
carotenoid concentration, no significant differences between all the plant 




















4 - Fourth experiment | Clone 26 (CL26) 
In this experiment one plant clone (CL26) was inoculated with different soil 
microorganisms. The used materials and methods are the same reported in the 
section “Materials and Methods”. 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 5 
P. brassicacearum strain SVB6R1 SVB6R1 5 
F. mosseae BEG12 and P. brassicacearum 
strain SVB6R1 
BEG12 + SVB6R1 5 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. 
brassicacearum strain SVB6R1 
AMF mix + SVB6R1 5 
4.1 - Mycorrhizal colonization 
In regard to the frequency of mycorrhization (F%; Figure 40 A) and the 
percentage of fungal colonization (M%; Figure 40 B) in the root system, plants 
co-inoculated with AMF mix+SVB6R1 had higher values (less than 20% and 
about 4%, respectively), if compared with plants co-inoculated with BEG12 and 
SVB6R1. However, these differences were not significant. Whereas significant 
differences were reported in comparison to control plants and those inoculated 
with the bacterium alone (SVB6R1) whom did not show any trace of mycorrhizal 





Figure 40. The figure shows the mean values and the relative standard error of the frequency of 
mycorrhization: F% (A) and of the mycorrhization percentage: M% (B) in the root of A. annua plants 
(clone 26). Control: control plants, SVB6R1: plants inoculated with P. brassicacearum; 
BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. brassicacearum, AMF mix+SVB6R1: 
plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). In table 4.2, Annex A is reported the 
one-way ANOVA, in which ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
The arbuscule abundance (A%; Figure 41 A) was the highest ever in plants co-
inoculated with AMF mix and SVB6R1 (over than 1.5%), while lower percentage 
(about 1%) was observed in plants co-inoculated with BEG12+SVB6R1; 
however, only the plants co-inoculated with AMF mix+SVB6R1 were 
significantly different from control plants and those inoculated with SVB6R1 
alone. The vesicles (V%; Figure 41 B), instead, were detected only in plants co-
inoculated with AMF mix+SVB6R (about of 0.1%), and these plants were 







Figure 41. The figure shows the mean values and the relative standard error of the arbuscule abundance: 
A% (A) and of the vesicle abundance: M% (B) in the root of A. annua plants (clone 26). Control: control 
plants, SVB6R1: plants inoculated with P. brassicacearum; BEG12+SVB6R1: plants co-inoculated with 
F. mosseae and P. brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically 
significant differences (p < 0.05). In table 4.2, Annex A is reported the one-way ANOVA, in which ns: 
not significant; p < 0.05 *; p < 0.01 **;  p < 0.001 ***. 
 
4.2 - Morphometric and weight parameters      
4.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
Regarding the shoot fresh biomass (Figure 42), plants co-inoculated with AMF 
mix+SVB6R1 showed the highest weight, while the control plants, plants 





BEG12+SVB6R1 had lower values. Moreover, the first group of plants were 
significantly different from all the other plant treatments.  
 
Figure 42. The figure shows the mean values and the relative standard error of the shoot fresh weight of 
A. annua plants (clone 26). Control: control plants, SVB6R1: plants inoculated with P. brassicacearum; 
BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. brassicacearum, AMF mix+SVB6R1: 
plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). In Annex A, table 4.2 is reported the 
one-way ANOVA, in which ns: not significant; p < 0.05 *; p < 0.01 **;  p < 0.001 ***. 
Instead, no significant differences between all the plant treatments were observed 
in the shoot dry weight, in the leaf biomass (fresh and dry), and in the ratio of 
shoot dry/fresh weight (data are reported in Annex A, table 4.1). 
4.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Root fresh and dry weight, and their ratio did not show significant differences 
between all the plant treatments (data are reported in Annex A, table 4.1). 
4.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Concerning the ratio of root/shoot fresh weight and the ratio of root/shoot dry 
weight, the differences between the plant treatments were not statistically 




4.2.4 - Stem height, root length and their ratio 
The stem height had the same value in all the plants, and all the plants were 
similar to each other (data are reported in Annex A, table 4.1).  
 
Figure 43. The figure shows the mean values and the relative standard error of the root length (A), and 
of the stem height to root length ratio (B) of A. annua plants (clone 26). Control: control plants, SVB6R1: 
plants inoculated with P. brassicacearum; BEG12+SVB6R1: plants co-inoculated with F. mosseae and 
P. brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
brassicacearum. Different letters among treatments express statistically significant differences (p < 
0.05). In Annex A, table 4.2 is reported the one-way ANOVA, in which ns: not significant; p < 0.05 *; p 
< 0.01 **; p < 0.001 ***. 
Instead, plants co-inoculated with SVB6R1 and BEG12 or AMF mix showed the 
highest values of root length (Figure 43 A), and these plants were similar to one 
another, but significantly different from control plants and from those inoculated 
with SVB6R1 alone. The stem height/root length ratio (Figure 43 B) had an 





the highest values, and were significantly different from plants co-inoculated 
with SVB6R1 and BEG12 or AMF mix whom showed lower values of the ratio. 
4.3 - Leaf photosynthetic pigment concentrations 
The chlorophyll a concentration (Figure 44 A) was the highest in plants co-
inoculated with BEG12+SVB6R1 (about 50 µg/mL), but these plants were 
different only from those inoculated with SVB6R1 alone and from those co-
inoculated with AMF mix+SVB6R1.  
 
 
Figure 44. The figure shows the mean values and the relative standard error of the chlorophyll a (A), of 
the chlorophyll b (B) concentration in the leaves of A. annua plants (clone 26). Control: control plants, 
SVB6R1: plants inoculated with P. brassicacearum; BEG12+SVB6R1: plants co-inoculated with F. 
mosseae and P. brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically 
significant differences (p < 0.05). In Annex A, table 4.2 is reported the one-way ANOVA, in which ns: 





This latter group of plants showed the lowest concentration of chlorophyll a (less 
than 40 µg/mL), and they were also different from control plants. The 
concentration of chlorophyll b (Figure 44 B) had the same trend before observed 
in the chlorophyll a; however, in this case, plants co-inoculated with AMF 
mix+SVB6R1 were not different from control plants. 
  
Figure 45. The figure shows the mean values and the relative standard error of the chlorophyll a / b ratio 
(A), and of the carotenoid concentration (B) in the leaves of A. annua plants (clone 26). Control: control 
plants, SVB6R1: plants inoculated with P. brassicacearum; BEG12+SVB6R1: plants co-inoculated with 
F. mosseae and P. brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum. Different letters among treatments express statistically 
significant differences (p < 0.05). In Annex A, table 4.2 is reported the one-way ANOVA, in which ns: 
not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
Concerning the ratio between chlorophyll a and b (Figure 45 A), the plants co-
inoculated with BEG12+SVB6R1 had the lowest values of this parameter, about 





plants co-inoculated with BEG12+SVB6R1 were significant different to all the 
other treatments. The carotenoid concentration in the leaf (Figure 45 B) had the 




















5 - Fifth experiment | Clone 26 (CL26) 
In this experiment one plant clone (CL26) was inoculated with different soil 
microorganisms. The used materials and methods are the same reported in the 
section “Materials and Methods”. 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Tag Number of plants 
No microorganisms Control 6 
Rhizophagus irregularis Ri 6 
Rhizophagus irregularis and P. 
protegens strain Pf7 
Ri + Pf7 7 
Rhizophagus irregularis and P. 
brassicacearum strain SVB6R1 
Ri + SVB6R1 7 
5.1 - Mycorrhizal colonization 
Control plants did not show any trace of fungal colonization, as we expect; 
instead, plants co-inoculated with Ri+Pf7 had the highest frequency of 
mycorrhization (F% about 40%; Figure 46 A), while plants inoculated with Ri 
alone and those co-inoculated with Ri+SVB6R1 showed lower values compared 
to the previous ones, about 26%. However, these three groups of plants were 
similar to each other, but significantly different from control plants. The 
percentage of mycorrhizal colonization (M%; Figure 46 B) had the same trend 
abovementioned for F%: plants co-inoculated with Ri+Pf7 showed the highest 
M%, slightly less than 16%, and these plants were significantly different from all 
the other plant treatments, with the exception of the plants co-inoculated with 
Ri+SVB6R1. These latter showed a M% about of 11%, but they were 
significantly different only from control plants. Finally, plants inoculated with Ri 
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alone, that have a M% of about 9%, were significantly different from control 




Figure 46. The figure shows the mean values and the relative standard error of the frequency of 
mycorrhization: F% (A) and of the mycorrhization percentage: M% (B) in the root of A. annua plants 
(clone 26). Control: control plants, Ri: plants inoculated with R. irregularis, Ri+Pf7: plants co-inoculated 
with R. irregularis and P. protegens, Ri+SVB6R1: plants co-inoculated with R. irregularis and P. 
brassicacearum. Different letters among treatments express statistically significant differences (p < 
0.05). In Annex A, table 5.2 is reported the one-way ANOVA, in which ns: not significant; p < 0.05 *; p 
< 0.01 **;  p < 0.001 ***. 
The arbuscule percentage (A%; Figure 47 A) also followed the same trend  
described for the M%. Instead, no significant differences in the percentage of 
vesicles in the root (V%; Figure 47 B) were observed in all the plants inoculated 
or co-inoculated with the fungus, but they were significantly different from 






Figure 47. The figure shows the mean values and the relative standard error of the arbuscule abundance: 
A% (A) and of the vesicle abundance: V% (B) in the root of A. annua plants (clone 26). Control: control 
plants, Ri: plants inoculated with R. irregularis, Ri+Pf7: plants co-inoculated with R. irregularis and P. 
protegens, Ri+SVB6R1: plants co-inoculated with R. irregularis and P. brassicacearum. Different letters 
among treatments express statistically significant differences (p < 0.05). In table 5.2, Annex A is reported 
the one-way ANOVA, in which ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
5.2 - Morphometric and weight parameters     
5.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
Regarding the shoot biomass (fresh and dry weight, and their ratio), and the leaf 
fresh weight, all the plants were rather homogeneous, and no significant 
differences between the various treatments were reported (data are reported in 







Figure 48. The figure shows the mean values and the relative standard error of the leaf dry weight of A. 
annua plants (clone 26). Control: control plants, Ri: plants inoculated with R. irregularis, Ri+Pf7: plants 
co-inoculated with R. irregularis and P. protegens, Ri+SVB6R1: plants co-inoculated with R. irregularis 
and P. brassicacearum. Different letters among treatments express statistically significant differences (p 
< 0.05). In Annex A, table 5.2 is reported the one-way ANOVA, in which ns: not significant; p < 0.05 *; 
p < 0.01 **; p < 0.001 ***. 
Looking at the leaf dry weight (Figure 48), plants co-inoculated with Ri+Pf7 
showed a significant lower leaf dry weight, if compared to all the other plant 
treatments. 
5.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Control plants had the highest root fresh weight (Figure 49 A), and they were 
significantly different from plants co-inoculated with Ri and Pf7 or SVB6R1. 
Slightly lower fresh weight was observed in plants inoculated with Ri alone, 
however these plants were significantly different only from those co-inoculated 
with Ri+Pf7. Instead, these latter group of plants showed the lowest fresh weight 
of the root and they were significantly different from all the other plant 
treatments, except for the plants co-inoculated with Ri+SVB6R1. Instead, the 
differences between all the plant treatments in regard to the root dry weight and 
the ratio of root dry/fresh weight were not statistically significant (data are 





Figure 49. The figure shows the mean values and the relative standard error of the root fresh weight of 
A. annua plants (clone 26). Control: control plants, Ri: plants inoculated with R. irregularis, Ri+Pf7: 
plants co-inoculated with R. irregularis and P. protegens, Ri+SVB6R1: plants co-inoculated with R. 
irregularis and P. brassicacearum. Different letters among treatments express statistically significant 
differences (p < 0.05). In Annex A, table 5.2 is reported the one-way ANOVA, in which ns: not 
significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
5.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
The ratio between root and shoot of fresh weight and dry weight did not show 
significant differences between all the plant treatments (data are reported in 
Annex A, table 5.1). 
5.2.4 - Stem height, root length and stem/root ratio of height 
Concerning the stem height, all the plants were similar to each other (data are 
reported in Annex A, table 5.1); whereas the plants co-inoculated with Ri and 
SVB6R1 showed a significantly lower length of the root (Figure 50 A) in 
comparison to all the other plant treatments, except for the plants co-inoculated 
with Ri+Pf7. These latter plants showed slightly higher values of root length, and 
they were significantly different only from control plants. Control plants and 
plants inoculated with Ri alone showed the highest root length and were similar 
to each other. The ratio of stem height/root length (Figure 50 B) showed an 
opposite trend compared to that before observed in root length: control plants and 
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plants inoculated with Ri alone had the lowest values compared to both co-
inoculated plants. These last two groups of plants (Ri+Pf7 and Ri+SVB6R1) had 
higher values of the ratio and were similar to one another, but significantly 
different from all the other plant treatments, except for Ri+Pf7 plants. 
 
Figure 50. The figure shows the mean values and the relative standard error of the root length (A), and 
of the stem height to root length ratio (B) of A. annua plants (clone 26). Control: control plants, Ri: plants 
inoculated with R. irregularis, Ri+Pf7: plants co-inoculated with R. irregularis and P. protegens, 
Ri+SVB6R1: plants co-inoculated with R. irregularis and P. brassicacearum. Different letters among 
treatments express statistically significant differences (p < 0.05). In Annex A, table 5.2 is reported the 
one-way ANOVA, in which ns: not significant; p < 0.05 *; p < 0.01 **;  p < 0.001 ***. 
5.3 - Leaf photosynthetic pigment concentrations 
Concerning the photosynthetic system, the chlorophyll a, b, and carotenoid 
concentrations did not show significant differences between all the plant 
treatments (data are reported in Annex A, table 5.1). On the contrary, all the 





(Figure 51) comparing to the control plants, which had the highest value of this 
parameter. 
 
Figure 51. The figure shows the mean values and the relative standard error of the chlorophyll a / b ratio 
in the leaves of A. annua plants (clone 26). Control: control plants, Ri: plants inoculated with R. 
irregularis, Ri+Pf7: plants co-inoculated with R. irregularis and P. protegens, Ri+SVB6R1: plants co-
inoculated with R. irregularis and P. brassicacearum. Different letters among treatments express 
statistically significant differences (p < 0.05). In Annex A, table 5.2 is reported the one-way ANOVA, in 














6 - Sixth experiment – Clone 26 (CL26) and Clone 7 (CL7) 
In this experiment two clones (CL26 and CL7) were inoculated with different 
soil microorganisms, and two samplings were done, at 30 and 60 days 
respectively. The used materials and methods are the same reported in the section 
“Materials and Methods”. 
6.1 - I° sampling | Clone 26 (CL26) 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Tag Number of plants 
No microorganisms Control 6 
P. protegens strain Pf7 Pf7 6 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum 
AMF mix 7 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens 
strain Pf7 
Pf7 + AMF mix 6 
6.1.1 - Mycorrhizal colonization 
The fungus was not present inside the root system of control and bacterial (Pf7) 
plants, as we expected. The frequency of mycorrhization (F%; Figure 52 A) and 
the percentage of mycorrhizal colonization (M%; Figure 52 B) had similar trends: 
the highest values of these parameters were observed in plants inoculated with 
AMF mix alone, about 15% and less than 3% respectively, and these plants were 
significantly different from those co-inoculated with Pf7 and AMF mix, which 
had lower values (M% about 0.8% and F% about 5%). Furthermore, this latter 
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group of plants were similar to control plants. Both for F% and M%, the “Fungus” 
factor had a significant influence, as underlined by the two-way ANOVA. 
 
 
Figure 52. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A) and of the mycorrhization percentage: M% (B) in the root of A. annua plants (clone 26). 
Control: control plants, Pf7: plants inoculated with P. protegens; AMF mix: plants inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum; Pf7+AMF mix: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens. Different letters 
among treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 
and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***.                                                                                                                
Arbuscules were present only in plants inoculated and co-inoculated with the 
fungus, its percentage (A%) was higher in plants inoculated with the fungal mix 
alone, if compared with plants co-inoculated with both microorganisms; 
however, no significant differences between all the plant treatments were 













inoculated with AMF mix, even if the differences were not significant (data are 
reported in Annex A, table 6.1) 
6.1.2 - Morphometric and weight parameters      
6.1.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
Looking at the shoot and leaf biomass, either in the fresh or dry weight, and in 
the ratio of shoot dry weight on fresh weight   no significant differences between 
all the plant treatments were recorded (data are reported in Annex A, table 6.1). 
6.1.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
The root fresh and dry weight, and their ratio did not show significant differences 
between all the plant treatments (data are reported in Annex A, table 6.1). 
6.1.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Regarding the ratio of root/shoot fresh weight and the root/shoot ratio of dry 
weight (Figure 85 B), the differences between all the plant treatments were not 
significant (data are reported in Annex A, table 6.1). 
6.1.2.4 - Stem height, root length and their ratio 
Concerning the stem height, the root length, and their ratio, the differences 
between all the plant treatments were statistically not significant (data are 
reported in Annex A, table 6.1). 
6.1.3 - Leaf photosynthetic pigment concentrations 
Concerning the photosynthetic pigments, the concentrations of chlorophyll a, b 
and carotenoids, and the ratio of chlorophyll a on chlorophyll b the observed 
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differences were statistically not significant (data are reported in Annex A, table 
6.1). 
6.1.4 – Artemisinin concentration in the leaves 
Concerning the artemisinin content (data are reported in Annex A, table 6.1), the 
plants co-inoculated with AMF mix+Pf7 had the lowest concentration, about of 
4 mg/mL, comparing with all the other plant treatments. These latter three groups 
of plants showed a higher concentration of artemisinin in the leaves, and were 
similar concentration to each other. However, the observed differences were not 
statistically significant. 
6.2 - I° sampling | Clone 7 (CL7) 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 6 
P. protegens strain Pf7 Pf7 5 
F. mosseae BEG12 BEG12 6 
F. mosseae BEG12 and P. protegens strain 
Pf7 
Pf7 + BEG12 5 
6.2.1 - Mycorrhizal colonization 
The mycorrhizal colonization in the root system was absent in control and 
bacterial plants, as we expected. The frequency of mycorrhization (F%; Figure 
53 A) had the highest values in co-inoculated plants (Pf7+BEG12), about of 6%, 
and these plants were significantly different from all the other plant treatments. 
Plants inoculated with BEG12 alone showed significantly lower values of F% 
(less than 3%) compared to the previous one, and they were significant different 
to all the other plant treatments. According to the two-way ANOVA, the 
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“Bacterium” factor (B) and the interaction with the “Fungus” factor (F*B) were 
significant, and the “Fungus” factor (F) was highly significant. The percentage 
of mycorrhizal colonization (M%; Figure 53 B) was the highest in plants co-
inoculated with Pf7+BEG12 (about of 0.6%), instead plants inoculated with 
BEG12 alone showed a M% about of 0.3%. The differences between these two 
last groups of plant were not significant, whereas both groups were significantly 
different from control and bacterial plants. The two-way ANOVA underlined that 
only the “Fungus” factor had a significant influence. 
 
Figure 53. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A) and of the mycorrhization percentage: M% (B) in the root of A. annua plants (clone 7). 
Control: control plants, Pf7: plants inoculated with P. protegens; BEG12: plants inoculated with F. mosseae, 
Pf7+BEG12: plants co-inoculated with F. mosseae and P. protegens. Different letters among treatments 
express statistically significant differences (p < 0.05). The box on the top right side reports the two-way 
ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium 
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1 13,862 13,862 6,163 ,0231 6,163 ,651
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1 1,214 1,214 10,329 ,0048 10,329 ,874
1 ,123 ,123 1,046 ,3199 1,046 ,155
1 ,123 ,123 1,046 ,3199 1,046 ,155
18 2,116 ,118










Arbuscules (A%) were present in all the plants inoculated with the fungus, but 
no significant differences between inoculated and co-inoculated plants were 
registered. Only in plants co-inoculated with both microorganisms were detected 
vesicles (V%), but the differences were not significant (data are reported in 
Annex A, table 6.2) 
6.2.2 - Morphometric and weight parameters     
6.2.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
The plants inoculated with BEG12 alone and those co-inoculated with 
Pf7+BEG12 showed the lowest values of fresh biomass (Figure 54 A), and these 
two groups of plants were similar to each other, but significantly different from 
control and bacterial plants. As underlined by the two-way ANOVA, the 
“Fungus” factor was highly significant. The same trend was observed for the 
shoot dry weight (Figure 54 B), but the plants co-inoculated with both 
microorganisms were also similar to control and bacterial plants. Even for this 
parameter the only the “Fungus” factor was significant (two-way ANOVA). In 
regard to the leaf fresh and dry weight, and the ratio of shoot dry/fresh weight, 
no significant differences were reported between all the plant treatments (data are 





Figure 54. The figure shows the mean values and the relative standard error of the shoot fresh (A) and 
of the dry (B) weight of A. annua plants (clone 7). Control: control plants, Pf7: plants inoculated with P. 
protegens, BEG12: plants inoculated with F. mosseae, Pf7+BEG12: plants co-inoculated with F. 
mosseae and P. protegens. Different letters among treatments express statistically significant differences 
(p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
6.2.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
Looking at the root biomass, both fresh and dry, and the ratio of root dry/fresh 
weight, the differences between all the plant treatments were not significant (data 
are reported in Annex A, table 6.2).  
6.2.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Regarding the ratio of root/shoot weight (fresh and dry), the observed differences 
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1 ,025 ,025 ,407 ,5314 ,407 ,091
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18 1,115 ,062










6.2.2.4 - Stem height, root length and their ratio 
The stem height, the root length, and their ratio did not show significant 
differences between all the plant treatments (data are reported in Annex A, table 
6.2).  
6.2.3 - Leaf photosynthetic pigment concentrations 
The chlorophyll (a and b) concentrations, and the concentration of carotenoids 
(Figure 99 B) did not show significant differences between all the plant 
treatments (data are reported in Annex A, table 6.2). On the other side, the 
chlorophyll a/b ratio (Figure 55) was significantly lower in plants inoculated and 
co-inoculated with microorganisms, compared to the control plants. The two-way 
ANOVA underlined that the “Fungus” factor and the “Bacterium” factor was 
significant. 
 
Figure 55. The figure shows the mean values and the relative standard error of the chlorophyll a (A) and 
of the chlorophyll b (B) in the leaves of A. annua plants (clone 7). Control: control plants, Pf7: plants 
inoculated with P. protegens, BEG12: plants inoculated with F. mosseae, Pf7+BEG12: plants co-
inoculated with F. mosseae and P. protegens. Different letters among treatments express statistically 
significant differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which 
F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not 







1 ,110 ,110 9,247 ,0074 9,247 ,830
1 ,070 ,070 5,839 ,0272 5,839 ,623
1 ,015 ,015 1,269 ,2756 1,269 ,177
17 ,203 ,012





Tableau ANOVA pour Ca/Cb
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6.2.4 - Artemisinin concentration in the leaves 
Concerning the artemisinin concentration after 30 days of cultivation, no 
significant differences between all the plant treatments were detected (data are 
reported in Annex A, table 6.2). 
6.3 - II° sampling | Clone 26 (CL26). 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 4 
P. protegens strain Pf7 Pf7 5 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum 
AMF mix 5 
Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens strain 
Pf7 
Pf7 + AMF mix 6 
6.3.1 - Mycorrhizal colonization 
In the Figure 56 are represented the frequency of mycorrhjzation (F%; A), 
mycorrhizal percentage (M%; B), arbuscule abundance (A%; C). In the control 
plants and plants inoculated with the bacterium alone (Pf7), the fungi were not 
present, as we expected. Plants inoculated with different species of AMF (AMF 
mix) and those co-inoculated with both microorganisms (Pf7+AMF mix) had the 
same values of the beforementioned parameters, and these plants were similar to 
each other, but significantly different from control plants and those inoculated 
with Pf7 alone. According to the two-way ANOVA, the “Fungus” factor only 




Figure 56. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A), of the mycorrhization percentage: M% (B), and of the arbuscule abundance: A% (C) 
in the root of A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. protegens; 
AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum; Pf7+AMF mix: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; 
F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 


















6.3.2 - Morphometric and weight parameters  
6.3.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
The shoot fresh biomass (Figure 57) had the highest values in the plants 
inoculated with AMF mix alone and in those co-inoculated with Pf7+AMF mix, 
and these plant were similar to each other but significantly different from control 
plants and those inoculated with Pf7. These two latter plant groups had lower 
values compared to the previous ones and they were similar to each other. The 
“Fungus” factor was highly significant.  
 
Figure 57. The figure shows the mean values and the relative standard error of the shoot fresh weight of 
A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. protegens; AMF mix: 
plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum; Pf7+AMF mix: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; 
F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 
0.001 ***.  
On the other hand, no differences in the shoot dry weight between all the plant 
treatments were observed (data are reported in Annex A, table 6.3) even if the 
trend was similar to the shoot fresh weight. Regarding the leaf weights (Figure 
58), the highest leaf fresh weight (A) was registered in the plants inoculated with 







other plant treatments, except for the co-inoculated plants (Pf7+AMF mix). 
Instead the lowest values of leaf fresh weight was observed in the plants 
inoculated with Pf7 alone, and these plants were different from all other plant 
treatments, except for the control plants. According to the two-way ANOVA, the 
“Fungus” factor only was highly significant. 
 
Figure 58. The figure shows the mean values and the relative standard error of the leaf fresh (A) and dry 
(B) weight of A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. 
protegens; AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum; Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***.  
The leaf dry weight (Figure 58 B) had the same trend of the fresh one, however, 
in this case, the control plants, the plants inoculated with AMF mix alone and 
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inoculated with Pf7 alone. These three plant treatments were similar to each 
other, whereas the plants inoculated with Pf7 were significantly different to all 
other plant treatments, except for the control plants. The “Fungus” factor and 
the interaction between the two factors (F*B) were significant. The shoot ratio 
of dry on fresh weight (Figure 59) showed the lowest values in the plants 
inoculated with AMF mix alone, and these plants were significantly different 
compared to all the other plant treatments. Instead, the control plants, the plants 
inoculated with Pf7 alone and those co-inoculated (Pf7+AMF mix) had higher 
values comparing to the previous one and they were similar to each other. 
According to the two-way ANOVA, the “Fungus” factor (F) only was 
significant. 
 
Figure 59. The figure shows the mean values and the relative standard error of the shoot dry to fresh 
weight of A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. protegens; 
AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum; Pf7+AMF mix: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; 
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6.3.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
The root fresh weight (Figure 60 A) had the highest values in the co-inoculated 
plants (Pf7+AMF mix), and these plants were significantly different from all the 
other plant treatments. Plants inoculated with AMF mix alone showed lower 
values in comparison to the previous one, and these plants were also significantly 
different from all other plant treatments. Control plants and those inoculated with 
Pf7 alone had the lowest root fresh weight, and they were similar to each other. 
The “Fungus” factor (F) was highly significant, and the interaction between the 
two factors (F*B) was significant (two-way ANOVA). The root dry weight 
(Figure 60 B) had higher values in the plants inoculated with fungal AMF mix 
alone and in those co-inoculated (Pf7+AMF mix), if compared to all other plant 
treatments; they were significantly different from control plants and plants 
inoculated with Pf7 alone, except for the co-inoculated plants that were similar 
to the control plants. Also in this case, control plants and plants inoculated with 
Pf7 alone had lower values, and they were similar to each other. According to the 
two-way ANOVA, the “Fungus” factor was highly significant. The ratio of root 
dry/fresh weight (Figure 60 C) decreased in the co-inoculated plants (Pf7+AMF 
mix) comparing to all other plant treatments, and these plants were significantly 
different to all other plant treatments, except for those inoculated with Pf7 alone. 
Instead, control plants, plants inoculated with Pf7 alone and co-inoculated plants 
(Pf7+AMF mix) had higher values and they were similar to each other. In this 





Figure 60. The figure shows the mean values and the relative standard error of the root to shoot ratio of 
fresh weight (A) and of the root to shoot ratio of dry weight (B) of A. annua plants (clone 26). Control: 
control plants, Pf7: plants inoculated with P. protegens; AMF mix: plants inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum; 
Pf7+AMF mix: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens. Different letters among 
treatments express statistically significant differences (p < 0.05). The box on the top right side reports 
the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus 
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6.3.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Looking at the root/shoot ratio of fresh weight (Figure 61), it had the highest 
values in the co-inoculated plants (Pf7+AMF mix), and these plants were 
significantly different from those inoculated with Pf7 alone and from those 
inoculated with AMF mix alone. Instead, these latter two plant treatments showed 
lower values and they were similar to each other and to the control plants. 
According to the two-way ANOVA, the interaction between the two factors 
(F*B) only was significant. 
 
Figure 61. The figure shows the mean values and the relative standard error of the root to shoot ratio of 
fresh weight of A. annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. 
protegens; AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum; Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens. Different letters among treatments express statistically significant 
differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus 
factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; 
p < 0.05 *; p < 0.01 **; p < 0.001 ***.  
No significant differences in the root/shoot ratio of dry weight between all the 
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6.3.2.4 - Stem height, root length and their ratio 
The stem height, the root length, and the stem height/root length ratio did not 
show significant differences between all the plant treatments (data are reported 
in Annex A, table 6.3). 
6.3.3 - Leaf photosynthetic pigment concentrations 
The concentrations of chlorophylls (a and b) and carotenoids, and the chlorophyll 
a/b ratio did not show significant differences between all the plant treatments 
(data are reported in Annex A, table 6.3). 
6.3.4 -Artemisinin concentration in the leaves 
The concentrations of artemisinin did not show significant differences between 
all the plant treatments (data are reported in Annex A, table 6.3). Nevertheless, 
the plants inoculated with Pf7 had slightly higher concentration of artemisinin in 
comparison with all the other plant treatments; instead, plants co-inoculated with 
both microorganisms (Pf7+AMF mix) showed a lower artemisinin concentration 
(about 7 mg/mL), if compared to the previous ones. 
6.3.5 - Artemisinin concentration in the leaves: first versus second sampling 
The comparison of the leaf artemisinin concentration between the first and the 
second sampling (Figure 62) showed that it significantly increased over the 
time, in each single treatment. The “Time” factor was the only responsible for 




Figure 62. The figure shows the mean values and the relative standard error of the artemisinin 
concentration in the leaves in the I° sampling (dark green) and in the II° sampling (light green) of A. 
annua plants (clone 26). Control: control plants, Pf7: plants inoculated with P. protegens; AMF mix: 
plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which Tr: Treatment factor; Ti: Time factor; 
Tr*Ti: interaction between Treatment and Time factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 
0.001 ***. 
 
6.4 - II° sampling | Clone 7 (CL7) 
The number of plants and the soil microorganisms used in each treatment are 
reported in the following table: 
Treatment Label Number of plants 
No microorganisms Control 5 
P. protegens strain Pf7 Pf7 5 
F. mosseae BEG12 BEG12 6 
F. mosseae BEG12 and P. protegens strain Pf7 Pf7 + BEG12 5 
6.4.1 - Mycorrhizal colonization 
Control plants and plants inoculated with Pf7 alone did not show any traces of 







Figure 63 A) was about of 15% in the co-inoculated plants (Pf7+BEG12) while 
lower values were observed in plants inoculated with BEG12 alone; however, 
these two plant treatments were not significantly different to each other.  
 
  
Figure 63. The figure shows the mean values and the relative standard error of the mycorrhization 
frequency: F% (A), of the mycorrhization percentage: M% (B), and of the arbuscule abundance: A% (C)  
in the root of A. annua plants (clone 7). Control: control plants, Pf7: plants inoculated with P. protegens; 
BEG12: plants inoculated with F. mosseae, Pf7+BEG12: plants co-inoculated with F. mosseae and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; 
F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 


















According to the two-way ANOVA, the “Fungus” factor was highly significant. 
The mycorrhizal percentage (M%, Figure 63 B) and the arbuscule abundance 
(A%, Figure 63 C A)  had higher levels in the co-inoculated plants (Pf7+BEG12), 
about of 4% and 1% respectively, if compared with the plants inoculated with 
BEG12 alone, but no differences were reported to each other. Moreover, the 
plants inoculated with BEG12 alone were similar to the control plants and those 
inoculated with Pf7 alone. The “Fungus” factor only was significant (two-way 
ANOVA). Instead, vesicles (V%) were observed only in the co-inoculated plants 
(Pf7+BEG12), however no significant differences between all the plant 
treatments were observed (data are reported in Annex A, table 6.4). 
6.4.2 - Morphometric and weight parameters      
6.4.2.1 - Shoot fresh and dry weight, leaf fresh and dry weight, and ratio of shoot 
dry/fresh weight 
The shoot fresh weight (Figure 64) had the highest values in the control plants, 
and these plants were significantly different from all the other plant treatments. 
Slightly lower values were reported in the plants inoculated with Pf7 or BEG12 
alone, and these two latter plant treatments were also similar to each other but 
significantly different to all the other plant treatments. Instead, co-inoculated 
plants (Pf7+BEG12) had the lowest values of fresh biomass, and they were, 
moreover, significantly different to all the other plant treatments. According to 
the two-way ANOVA, the “Bacterium” factor was significant, while the 
“Fungus” factor was highly significant. Regarding the shoot dry weight (data are 
reported in Annex A, table 6.4), no significant differences were reported between 




Figure 64. The figure shows the mean values and the relative standard error of the shoot fresh weight of 
A. annua plants (clone 7). Control: control plants, Pf7: plants inoculated with P. protegens, BEG12: 
plants inoculated with F. mosseae, Pf7+BEG12: plants co-inoculated with F. mosseae and P. protegens. 
Different letters among treatments express statistically significant differences (p < 0.05). The box on the 
top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; F*B: 
interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 
***. 
The leaf fresh weight (Figure 65 A) had the same trend observed in the shoot 
fresh weight; according to the two-way ANOVA, the “Bacterium” factor was 
significant, while the “Fungus” factor was highly significant. In the leaf dry 
weight (Figure 65 B) was confirmed the same abovementioned trend, but the 
plants inoculated with Pf7 alone and the control plants were similar to each other, 
and the plants inoculated with BEG12 alone and those co-inoculated with both 
microorganisms (Pf7+BEG12) were also similar to each other. In this case, as 
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Figure 65. The figure shows the mean values and the relative standard error of the leaf fresh (A) and of 
the dry (B) weight of A. annua plants (clone 7). Control: control plants, Pf7: plants inoculated with P. 
protegens, BEG12: plants inoculated with F. mosseae, Pf7+BEG12: plants co-inoculated with F. 
mosseae and P. protegens. Different letters among treatments express statistically significant differences 
(p < 0.05). The box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: 
Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 
*; p < 0.01 **; p < 0.001 ***. 
Looking at the ratio of shoot dry/fresh weight (Figure 66), the highest values were 
reported in the plants inoculated with Pf7 alone and in those co-inoculated with 
both microorganisms (Pf7+BEG12), while plants inoculated with BEG12 alone 
had intermediate values, and control plants had the lowest values of the ratio. 
Significant differences were reported between control plants and those inoculated 
with Pf7 alone and co-inoculated with both microorganisms (Pf7+BEG12). 
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Figure 66. The figure shows the mean values and the relative standard error of the shoot dry to fresh 
weight of A. annua plants (clone 7). Control: control plants, Pf7: plants inoculated with P. protegens, 
BEG12: plants inoculated with F. mosseae, Pf7+BEG12: plants co-inoculated with F. mosseae and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; 
F*B: interaction between Fungus and Bacterium factors. ns: not significant; p < 0.05 *; p < 0.01 **; p < 
0.001 ***. 
6.4.2.2 - Root fresh and dry weight, and ratio of root dry/fresh weight 
The root biomass, both fresh and dry, and the ratio of root dry/fresh weight (data 
are reported in Annex A, table 6.4) did not show significant differences between 
all the plant treatments.  
6.4.2.3 - Root/shoot ratio of fresh weight and root/shoot ratio of dry weight 
Concerning the root/shoot ratio of fresh and dry weight (data are reported in 
Annex A, table 6.4), no significant differences were detected between the various 
plant treatments.  
6.4.2.4 - Stem height, root length and their ratio 
The stem height, the root length, and their ratio, did not show significant 









6.4.3 - Leaf photosynthetic pigment concentrations 
Regarding the photosynthetic system, the highest concentration of chlorophyll a 
(Figure 67 A) was observed in the control and co-inoculated (Pf7+BEG12) 
plants, and these plants were significantly different from those inoculated with 
Pf7 alone. The two-way ANOVA underlined that the interaction between the two 
factors (F*B) was significant.  
 
Figure 67. The figure shows the mean values and the relative standard error of the chlorophyll a (A) and 
of the chlorophyll b (B) in the leaves of A. annua plants (clone 7). Control: control plants, Pf7: plants 
inoculated with P. protegens, BEG12: plants inoculated with F. mosseae, Pf7+BEG12: plants co-
inoculated with F. mosseae and P. protegens. Different letters among treatments express statistically 
significant differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which 
F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not 
significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
The concentration of chlorophyll b (Figure 67 B) showed the same trend of the 
chlorophyll a; however, plants inoculated with BEG12 alone were significant 













“Fungus” factor, beyond the interaction between the two factors (F*B) was 
significant (two-way ANOVA).  
 
Figure 68. The figure shows the mean values and the relative standard error of the chlorophyll a / b ratio 
(A) and of the carotenoid concentration (B) in the leaves of A. annua plants (clone 7). Control: control 
plants, Pf7: plants inoculated with P. protegens, BEG12: plants inoculated with F. mosseae, Pf7+BEG12: 
plants co-inoculated with F. mosseae and P. protegens. Different letters among treatments express 
statistically significant differences (p < 0.05). The box on the top right side reports the two-way ANOVA, 
in which F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. 
ns: not significant; p < 0.05 *; p < 0.01 **; p < 0.001 ***. 
The chlorophyll ratio (Figure 68 A) had the highest values in the control plants, 
and these latter were significant different from plants inoculated with BEG12 
alone and co-inoculated with both microorganisms (Pf7+BEG12). The lowest 
value was recorded in the co-inoculated plants, and they were different from 
plants inoculated with Pf7 alone but similar to those inoculated with BEG12 
alone. Instead, these two last groups of plants showed intermediate values of the 
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significant, and the “Fungus” factor was highly significant. Finally, the 
carotenoid concentrations (Figure 68 B) had the same trend recorded in the 
chlorophyll concentrations, however, in this case plants inoculated with Pf7 alone 
only were significantly different from all the other plant treatments. Also in this 
case, as reported for the chlorophyll a concentration, only the interaction between 
the two factors (F*B) was significant. 
6.4.4 - Artemisinin concentration in the leaves 
The artemisinin concentration did not vary in a significant manner among all the 
plant treatments (data are reported in Annex A, table 6.4). However, in the 
bacterial plants (Pf7) a reduction in its concentration compared to all the other 
plant treatments was noticed.                                                                                                                                                                
6.4.5 - Artemisinin concentration in the leaves: first versus second sampling 
Looking at the comparison of the artemisinin concentration between the first and 
the second sampling (Figure 69), the concentration significantly increased over 
the time in all the plant treatments. According to the two-way ANOVA, the 






Figure 69. The figure shows the mean values and the relative standard error of the artemisinin 
concentration in the leaves in the I° sampling (light blue) and in the II° sampling (dark blue) of A. annua 
plants (clone 7). Control: control plants, Pf7: plants inoculated with P. protegens; BEG12: plants 
inoculated with F. mosseae, Pf7+BEG12: plants co-inoculated with F. mosseae and P. protegens. 
Different letters among treatments express statistically significant differences (p < 0.05). The box on the 
top right side reports the two-way ANOVA, in which Tr: Treatment factor; Ti: Time factor; Tr*Ti: 
interaction between Treatment and Time factors. ns: not significant; p < 0.05 *; p < 0.01 **;  p < 0.001 

















7 - Leaf volatile composition in the CL26 plants in the sixth experiment 
7.1 - Main classes of leaf volatile molecules in the first sampling 
In these plants, 260 molecules were detected. The 30.8% of these molecules was 
in common among all the plant treatments, while about 10% was exclusive of 
each single plant group (C, Pf7, AMF), with the exception for the plants co-
inoculated with Pf7+AMF mix which showed a lower percentage (3.8%), if 
compared to the previous ones (Figure 70). 
 
Figura 70. Eulero-Venn diagram shows the distribution of leaf volatile molecules in A. annua (clone 26) 
among the different plant treatments, after 30 days of cultivation. C: control plants, Pf7: plants inoculated 
with P. protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens. 
227 
 
The molecules were classified into chemical classes and they had a different 
distribution, according to the different treatments (Figure 71). In comparison to 
the control plants (Figure 71 A), the percentage of alkanes increased in the plants 
inoculated with Pf7 (Figure 71 B) and AMF mix (Figure 71 C) alone, whereas 
this class of compounds were not present in the co-inoculated plants (Pf7+AMF 
mix; Figure 71 D). The alkenes increased in all the plants inoculated and co-
inoculated with microorganisms; on the contrary, alcohols and ketones decreased 
in all the inoculated and co-inoculated plants (Figure 71 B, C, D), compared to 
the control ones.  
 
 
Figure 71. The figure shows the percentage distribution into chemical classes of the different components 
present in the leaves of A. annua plants (clone 26) after 30 days of cultivation in the sixth experiment. 
Control: control plants (A), Pf7: plants inoculated with P. protegens (B), AMF mix: plants inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum (C), Pf7+AMF mix: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens (D).  
Aldehydes and esters increased in the plants inoculated with Pf7 (Figure 71 B) 





Pf7+AMF mix (Figure 71 D), in comparison to the control ones. Variations in 
the acids have been detected only in the plants inoculated with AMF mix alone 
(Figure 71 C). Finally, ethers enhanced in the plants inoculated with Pf7 alone 
(Figure 71 B) and in those co-inoculated with Pf7+AMF mix (Figure 71 D); while 
the other components increased in the plants co-inoculated with both 
microorganisms (Pf7+AMF mix; Figure 71 D), but decreased in plants inoculated 
with Pf7 alone (Figure 71 B) and AMF mix alone (Figure 71 D). 
7.1.1 - Leaf volatile molecule identification 
Among the molecules which have been identified, some of them were typical 
components of the A. annua essential oil and they have already been reported in 
literature (Table 3). Artemisia ketone, bicyclogermacrene, cadin-4en-7-ol<cis->, 
camphor, caryophyllene oxide, caryophyllene<(E)>, chrysantenol<cis>, 
copaene-α, copaene-β, cubebene-α, elemene-β, eugenol, farnesene<E-,β>, 
germacrene D, mentha-2,8-dien-1-ol<cis-,para>, phytol, Selina-3,11-dien-6-α-
ol, selinene-β, spathulenol were detected in all the plant treatments. However, 
variations in the presence or in the absence of other components have been 
observed, when the plants were inoculated with the microorganisms. 
Aromadendrene, pinocarvone, and myrtenol were not present only in the plants 
inoculated with Pf7 alone, while bisabolol-α was present only in these latter 
plants. Bisabolene <(Z)-,γ> and Cubebene-β were detected in all the inoculated 
and co-inoculated plants (Pf7, AMF mix, Pf7+AMF mix). Caryophyllene oxide 
was found in the AMF mix plants only. Instead, eicosene was not found in the 
plants co-inoculated with Pf7+AMF mix, whereas lavandulyl acetate and 
valencene were detected in these latter plants only.  
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                    Table 3 | Components of A. annua essential oil known in the literature. 
 Plant treatments 
Molecule name C Pf7 AMF mix Pf7+AMF mix 
Aromadendrene ✓ - ✓ ✓ 
Artemisia ketone ✓ ✓ ✓ ✓ 
Bicyclogermacrene ✓ ✓ ✓ ✓ 
Bisabolene <(Z)-,γ> - ✓ ✓ ✓ 
Bisabolol α - ✓ - - 
Cadin-4en-7-ol<cis-> ✓ ✓ ✓ ✓ 
Camphor ✓ ✓ ✓ ✓ 
Caryophyllene oxide - - ✓ - 
Caryophyllene-(E) ✓ ✓ ✓ ✓ 
Chrysantenol<cis> ✓ ✓ ✓ ✓ 
Copaene α ✓ ✓ ✓ ✓ 
Copaene β ✓ ✓ ✓ ✓ 
Cubebene α ✓ ✓ ✓ ✓ 
Cubebene β - ✓ ✓ ✓ 
Eicosene ✓ ✓ ✓ - 
Elemene β ✓ ✓ ✓ ✓ 
Eugenol ✓ ✓ ✓ ✓ 
Farnesene <E-,β> ✓ ✓ ✓ ✓ 
Germacrene D ✓ ✓ ✓ ✓ 
Lavandulyl acetate - - - ✓ 
Mentha-2,8-dien-1-ol <cis-,para-> ✓ ✓ ✓ ✓ 
Myrtenol ✓ - ✓ ✓ 
Phytol ✓ ✓ ✓ ✓ 
Pinocarvone ✓ - ✓ ✓ 
Selina-3,11-dien-6-α-ol ✓ ✓ ✓ ✓ 
Selinene β ✓ ✓ ✓ ✓ 
Spathulenol ✓ ✓ ✓ ✓ 
Valencene - - - ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 30 days of cultivation. C: control plants, Pf7: plants inoculated with P. 
protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens.    
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Moreover, in some of the before-mentioned components, significant variations 
in semi-quantitative terms were also reported. Bisabolene-(Z)-γ was not present 
in the control plants, whereas the plants co-inoculated with Pf7+AMF mix 
showed a significant higher value if compared to the plants inoculated with Pf7 
and AMF mix alone (Figure 72 A). These differences were imputable to the 
“Fungus” and  the “Bacterium” factor alone (two-way ANOVA).  
 
Figure 72. The figure shows the mean values and the relative standard error of the bisabolene-(Z)-γ (A) 
and of the eugenol (B) percentage in the leaves of A. annua plants (clone 26) analysed in GC-MS, after 
30 days of cultivation. The percentage results from the ratio of the peak area of each molecule to the total 
peak area of the chromatogram and multiplied by 100. Control: control plants, Pf7: plants inoculated 
with P. protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens. Different letters among treatments express statistically 
significant differences (p < 0.05). The box on the top right side reports the two-way ANOVA, in which 
F: Fungus factor; B: Bacterium factor; F*B: interaction between Fungus and Bacterium factors. ns: not 













Instead, eugenol showed the lowest values in the plants inoculated with Pf7 
alone, and these plants were significantly different from those inoculated with 
AMF mix and co-inoculated with Pf7+AMF mix. These two latter groups of 
plants had higher values comparable to those of the control ones (Figure 72 B). 
According to the two-way ANOVA, the “Fungus” factor only had a significant 
influence. 
Other series of components, that were not commonly reported in literature in the 
A. annua essential oil, have been detected (Table 4).  
                       Table 4 | Components of A. annua essential oil not found in the literature. 
 Plant treatments 
Molecule name C Pf7 AMF mix Pf7+AMF mix 
Allo-Cedrol ✓ ✓ ✓ - 
Calarene ✓ ✓ ✓ ✓ 
Cedroxyde ✓ ✓ ✓ ✓ 
Cypertundone ✓ ✓ ✓ ✓ 
Drim-8(12)-ene ✓ ✓ ✓ ✓ 
Elemodiol <8-α-11-> ✓ - - - 
Eremophilone - ✓ ✓ - 
Isocedranol ✓ ✓ ✓ ✓ 
Thujopsenal - ✓ ✓ - 
Tricos-(9Z)-ene ✓ ✓ ✓ ✓ 
Vetivone ✓ ✓ ✓ - 
γ-muurolene ✓ ✓ - ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 30 days of cultivation. C: control plants, Pf7: plants inoculated with P. 
protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens.    
Also in this case, some components were in common among all the plant 
treatments: calarene, cedroxyde, cypertundone, drim-8(12)-ene, isocedranol, 
tricos-(9Z)-ene. Whereas, variations were also registered in some other 
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components: allo-cedrol was not present in the plants co-inoculated with 
Pf7+AMF mix; elemodiol <8-α-> was not present in all the plants inoculated and 
co-inoculated with microorganisms (Pf7, AMF mix, Pf7+AMF mix); 
eremophilone and thujopsenal were present only in the plants inoculated with Pf7 
or AMF mix alone; vetivone was not present in the co-inoculated plants only 
(Pf7+AMF mix); and finally γ-muurolene was absent in the AMF mix plants 
only. In this case, eremophilone also varied in semi-quantitative terms (Figure 
73): it had the highest values in the plants inoculated with Pf7 alone, and these 
ones were significantly different from all the other plant treatments. Whereas, 
AMF mix plants showed lower values but they were not different from control 
and Pf7+AMF mix plants in which eremophilone was not detected. The 
interaction between the two factors (F*B) was responsible for these results (two-
way ANOVA). 
 
Figure 73. The figure shows the mean values and the relative standard error of the eremophilone 
percentage in the leaves of A. annua plants (clone 26) analysed in GC-MS, after 30 days of cultivation. 
The percentage results from the ratio of the peak area of each molecule to the total peak area of the 
chromatogram and multiplied by 100. Control: control plants, Pf7: plants inoculated with P. protegens, 
AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, 
Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with Rhizophagus 
intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. 
protegens. Different letters among treatments express statistically significant differences (p < 0.05). The 
box on the top right side reports the two-way ANOVA, in which F: Fungus factor; B: Bacterium factor; 








Instead, some other molecules of biological interest have been reported in Table 
5. Also in this case, the distribution of these ones was modulated by the presence 
of microorganisms. Benzoic acid and scopoletin were found only in the plants 
inoculated with Pf7 alone; deoxyartemisinin was present in the control plants 
only; and prim-O-glucosilcimifugin was observed only in the control and AMF 
mix plants. On the contrary, emetine was found in all the plants. 
                      Table 5 | Bioactive molecules found in A. annua leaves. 
 Plant Treatments 
Molecule name C Pf7 AMF mix Pf7+AMF mix 
Benzoic acid - ✓ - - 
Deoxyartemisinin ✓ - - - 
Emetine ✓ ✓ ✓ ✓ 
prim-O-Glucosilcimifugin ✓ - ✓ - 
Scopoletin - ✓ - - 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 30 days of cultivation. C: control plants, Pf7: plants inoculated with P. 
protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens.    
7.2 - Main classes of leaf volatile molecules in the second sampling 
In these plants, 124 molecules were detected. The 47.6% of these molecules were 
shared among all the plant treatments, whereas about 7% was exclusive of each 
single plant treatment (C, Pf7, AMF mix), except for the plants co-inoculated 




Figura 74. Eulero-Venn diagram shows the distribution of leaf volatile molecules in A. annua (clone 26) 
among the different plant treatments, after 60 days of cultivation. C: control plants, Pf7: plants inoculated 
with P. protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-
inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus 
claroideum, C. etunicatum and P. protegens. 
After 60 days of cultivation, also in this sampling the molecules were classified 
into chemical classes, and a different distribution, according to the different 
treatments, was noticed (Figure 75). Alkenes and aldehydes decreased in all the 
plants inoculated with microbes, alone or in combination, whereas alcohols and 
ethers increased in the same plant treatments (Figure 75 B, C, D), if compared to 
the control plants. On one hand, the plants inoculated with Pf7 alone (Figure 75 
B) showed an improvement of acids, but a decrease in ketones; on the other hand, 
an increase in both acids and ketones  was detected in the co-inoculated plants 
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(Pf7+AMF mix; Figure 75 D). In the end, ketones and esters increased only in 
the plants inoculated with AMF mix alone (Figure 75 C). 
 
 
Figure 75. The figure shows the percentage distribution into chemical classes of the different components 
present in the leaves of A. annua plants (clone 26) after 60 days of cultivation in the sixth experiment. 
Control: control plants (A), Pf7: plants inoculated with P. protegens (B), AMF mix: plants inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum (C), Pf7+AMF mix: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. protegens (D).  
7.2.1 - Leaf volatile molecule identification 
The typical components of the A. annua essential oil, that have already been 
reported in literature, are reported in the Table 6. Aromadendrene, 
bicyclogermacrene, cadin-4en-7-ol<cis->, camphor, caryophyllene-(E), 
chrysantenol<cis>, copaene-α, eicosene, eugenol, farnesene<E-,β>, germacrene 
D, mentha-2,8-dien-1-ol<cis-,para->, selina-3,11-dien-6-α-ol, selinene-β, 





                  Table 6 | Components of A. annua essential oil known in the literature. 
 Plant treatments 
Molecule name C Pf7 AMF mix Pf7+AMF mix 
Aromadendrene ✓ ✓ ✓ ✓ 
Artemisia ketone - ✓ ✓ - 
Bicyclogermacrene ✓ ✓ ✓ ✓ 
Bisabolol α - - ✓ ✓ 
Cadin-4en-7-ol<cis-> ✓ ✓ ✓ ✓ 
Camphor ✓ ✓ ✓ ✓ 
Caryophyllene oxide - - ✓ - 
Caryophyllene-(E) ✓ ✓ ✓ ✓ 
Chrysantenol<cis> ✓ ✓ ✓ ✓ 
Copaene α ✓ ✓ ✓ ✓ 
Copaene β ✓ - ✓ ✓ 
Cubebene β ✓ ✓ - ✓ 
Eicosene ✓ ✓ ✓ ✓ 
Elemene β ✓ - ✓ - 
Eugenol ✓ ✓ ✓ ✓ 
Farnesene <E-,β> ✓ ✓ ✓ ✓ 
Germacrene D ✓ ✓ ✓ ✓ 
Mentha-2,8-dien-1-ol <cis-,para-> ✓ ✓ ✓ ✓ 
Phytol - ✓ ✓ ✓ 
Selina-3,11-dien-6-α-ol ✓ ✓ ✓ ✓ 
Selinene α - - - ✓ 
Selinene β ✓ ✓ ✓ ✓ 
Spathulenol ✓ ✓ ✓ ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 60 days of cultivation. C: control plants, Pf7: plants inoculated with P. 
protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens.    
On the contrary, other components varied according to the plant treatment, if 
compared to the control plants. Artemisia ketone was found only in the plants 
inoculated with Pf7 or AMF mix alone; bisabolol-α was present only in the plants 
inoculated with AMF mix alone and in those co-inoculated with Pf7+AMF mix; 
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caryophyllene oxide was detected in the Pf7 plants only, whereas copaene-β was 
not present in these latter plant treatment; cubebene-β was absent in the plants 
inoculated with AMF mix alone; elemene-β was not present in the Pf7 and 
Pf7+AMF mix plants; phytol was present in all the plants inoculated or co-
inoculated with the microorganisms (Pf7, AMF mix, Pf7+AMF mix); and 
selinene-α was registered in the co-inoculated plants (Pf7+AMF mix) only. 
Concerning the components that were not commonly detected in the A. annua 
essential oil (Table 7), some of them were shared among all the plant treatments, 
such as calarene, cedroxyde, cypertundone, eremophilone, thujopsenal and 
tricos-(9Z)-ene.  
                       Table 7 | Components of A. annua essential oil not found in the literature. 
 Plant treatments 
Molecule name C Pf7 AMF mix Pf7+AMF mix 
Calarene ✓ ✓ ✓ ✓ 
Cedroxyde ✓ ✓ ✓ ✓ 
Cypertundone ✓ ✓ ✓ ✓ 
Drim-8(12)-ene ✓ - ✓ - 
Elemodiol <8-α-11-> - - ✓ - 
Eremophilone ✓ ✓ ✓ ✓ 
Isocedranol - ✓ - - 
Thujopsenal ✓ ✓ ✓ ✓ 
Tricos-(9Z)-ene ✓ ✓ ✓ ✓ 
Vetivone - ✓ ✓ ✓ 
γ-muurolene ✓ ✓ ✓ - 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 60 days of cultivation. C: control plants, Pf7: plants inoculated with P. 
protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens.    
Instead, some components varied according to the used microorganisms, if 
compared to the control plants. Drim-8(12)-ene was not present in the plants 
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inoculated with Pf7 and co-inoculated with Pf7+AMF mix; elemondiol<8-α-11-
> was present in the AMF mix plants only; while isocedranol was detected only 
in the Pf7 plants; vetivone was present in all the inoculated or co-inoculated 
plants (Pf7, AMF mix, Pf7+AMF mix); and γ-muurolene was absent in the 
Pf7+AMF mix plants only. 
                     Table 8 | Bioactive molecules found in A. annua leaves. 
 Plant Treatments 
Molecule name C Pf7 AMF mix Pf7+AMF mix 
Deoxyartemisinin - ✓ ✓ ✓ 
Emetine - ✓ - - 
prim-O-Glucosilcimifugin ✓ ✓ - ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 60 days of cultivation. C: control plants, Pf7: plants inoculated with P. 
protegens, AMF mix: plants inoculated with Rhizophagus intraradices, R. aggregatus, Septoglomus 
viscosum, Claroideoglomus claroideum, C. etunicatum, Pf7+AMF mix: plants co-inoculated with 
Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. protegens.    
Finally, regarding the molecules of biological interest (Table 8), 
deoxyartemisinin was present in all the plants inoculated with microorganisms 
(Pf7, AMF mix, Pf7+AMF mix), compared to the control ones; emetine was only 
found in Pf7 plants;  while prim-O-glucosilcimifugin was not present in the AMF 








8 - Leaf volatile composition in the CL26 plants in the fourth experiment 
8.1 - Main classes of leaf volatile molecules 
In these plants, 121 molecules has been detected. The 52.9% of these molecules 
was shared among all the different plant treatments, whereas the 9.9% was 
exclusive of the control plants, the 10.7% was exclusive of the BEG12+SVB6R1 
plants, the 2.3% was exclusive of the AMF mix+SVB6R1 plants, and the 0.8% 
was exclusive of SVB6R1 ones (Figure 76). 
 
Figura 76. Eulero-Venn diagram shows the distribution of leaf volatile molecules in A. annua (clone 26) 
among the different plant treatments, after 60 days of cultivation in the fourth experiment. C: control 
plants; SVB6R1: plants inoculated with P. brassicacearum; BEG12+SVB6R1: plants co-inoculated with 
F. mosseae and P. brassicacearum; AMF mix+SVB6R1: plants co-inoculated with  Rhizophagus 




Regarding the plants of this experiment, they were grown for 60 days, and also 
in this case variations in the leaf chemical profile were reported, according to the 
used microorganisms. Alkanes were not present in all the plant treatments, 
included the control plants (Figure 77).  
 
 
Figure 77. The figure shows the percentage distribution into chemical classes of the different components 
present in the leaves of A. annua plants (clone 26) after 60 days of cultivation in the fourth experiment. 
Control: control plants (A), SVB6R1: plants inoculated with P. brassicacearum (B), BEG12+SVB6R1: 
plants co-inoculated with F. mosseae and P. brassicacearum (C), AMF mix+SVB6R1: plants co-inoculated 
with Rhizophagus intraradices, R. aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. 
etunicatum and P. brassicacearum (D).  
In comparison with the control plants (Figure 77 A), alcohols, acids, and other 
components increased in all the plants inoculated with the microorganisms, both 
alone (77 B) or in combination (Figure 77 C, D). On the other hand, in the same 
beforementioned plants, a decreasing trend in aldehydes and ketones was 
registered, compared to the control ones (77 A). Instead, the percentage of ethers 
was higher both in the plants co-inoculated with BEG12+SVB6R1and AMF 





(77 A, B); while, esters decreased in the plants inoculated with the bacterium 
alone (SVB6R1; Figure 77 B) and co-inoculated with AMF mix+SVB6R1 
(Figure 77 D). 
8.2 - Leaf volatile molecule identification 
Most of the  typical components of the A. annua essential oil (Table 9) were in 
common with all the plant treatments, such as artemisia ketone, 
bicyclogermacrene, cadin-4en-7-ol<cis->, camphor, caryophyllene-(E), 
chrysantenol<cis>, copaene-α, copaene-β, eicosane, elemene β, eugenol, 
farnesene <E-,β>, germacrene D, mentha-2,8-dien-1-ol <cis-,para->, phytol, 
pinocarvone, selina-3,11-dien-6-α-ol, selinene β, and spathulenol. However, 
some components varied according to the plant treatment compared to the control 
plants: aromadendrene was present in all the plants inoculated with the 
microorganisms, whereas cubebene-β was not present in these latter three 
treatments. Lavandulyl acetate was present in the plants co-inoculated with 
BE12+SVB6R1 only, while myrtenol was absent in the SVB6R1 plants only. 
Selinene-α was not registered in the plants inoculated with SVB6R1 and in those 
co-inoculated with AMF mix+SVB6R1, whereas valencene was found only in 








   Table 9 | Components of A. annua essential oil known in the literature. 
 Plant treatments 
Molecule name C SVB6R1 BEG12+SVB6R1 AMF mix+SVB6R1 
Aromadendrene - ✓ ✓ ✓ 
Artemisia ketone ✓ ✓ ✓ ✓ 
Bicyclogermacrene ✓ ✓ ✓ ✓ 
Cadin-4en-7-ol<cis-> ✓ ✓ ✓ ✓ 
Camphor ✓ ✓ ✓ ✓ 
Caryophyllene-(E) ✓ ✓ ✓ ✓ 
Chrysantenol<cis> ✓ ✓ ✓ ✓ 
Copaene α ✓ ✓ ✓ ✓ 
Copaene β ✓ ✓ ✓ ✓ 
Cubebene β ✓ - - - 
Eicosene ✓ ✓ ✓ ✓ 
Elemene β ✓ ✓ ✓ ✓ 
Eugenol ✓ ✓ ✓ ✓ 
Farnesene <E-,β> ✓ ✓ ✓ ✓ 
Germacrene D ✓ ✓ ✓ ✓ 
Lavandulyl acetate - - ✓ - 
Mentha-2,8-dien-1-ol <cis-,para-> ✓ ✓ ✓ ✓ 
Myrtenol ✓ - ✓ ✓ 
Phytol ✓ ✓ ✓ ✓ 
Pinocarvone ✓ ✓ ✓ ✓ 
Selina-3,11-dien-6-α-ol ✓ ✓ ✓ ✓ 
Selinene α ✓ - ✓ - 
Selinene β ✓ ✓ ✓ ✓ 
Spathulenol ✓ ✓ ✓ ✓ 
Valencene - ✓ - ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 60 days of cultivation in the fourth experiment. C: control plants, SVB6R1: 
plants inoculated with P. brassicacearum, BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. 
brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum.    
Regarding the components which were not commonly reported in the A. annua 
essential oil (Table 10), calarene, cedroxyde, cypertundone, drim-8(12)-ene, 
eremophilone, tricos-(9Z)-ene, vetivone, and γ-muurolene were shared among all 
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the plant treatments, included the control plants. On the other hand, only two 
components varied between the plant treatments: isocedranol was found in the 
plants co-inoculated with BEG12+SVB6R1 only, and thujopsenal was not 
present in all the plants inoculated with the microorganisms (SVB6R1, 
BEG12+SVB6R1, AMF mix+SVB6R1). 
         Table 10 | Components of A. annua essential oil not found in the literature. 
  Plant treatments 
Molecule name C SVB6R1 BEG12+SVB6R1 AMF mix+SVB6R1 
Calarene ✓ ✓ ✓ ✓ 
Cedroxyde ✓ ✓ ✓ ✓ 
Cypertundone ✓ ✓ ✓ ✓ 
Drim-8(12)-ene ✓ ✓ ✓ ✓ 
Eremophilone ✓ ✓ ✓ ✓ 
Isocedranol - - ✓ - 
Thujopsenal ✓ - - - 
Tricos-(9Z)-ene ✓ ✓ ✓ ✓ 
Vetivone ✓ ✓ ✓ ✓ 
γ-muurolene ✓ ✓ ✓ ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants (clone 26) after 60 days of cultivation in the fourth experiment. C: control plants, SVB6R1: 
plants inoculated with P. brassicacearum, BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. 
brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 
Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum.       
In this case, variations were reported in semi-quantitative terms for γ-muurolene: 
the control plants had a lower content if compared to all the other plant 
treatments, but they were significantly different only from the co-inoculated 





Figure 78. The figure shows the mean values and the relative standard error of the γ-muurolene 
percentage in the leaves of A. annua plants (clone 26) analysed in GC-MS, after 60 days of cultivation 
in the fourth experiment. The percentage results from the ratio of the peak area of each molecule to the 
total peak area of the chromatogram and multiplied by 100. Control: control plants, SVB6R1: plants 
inoculated with P. brassicacearum, BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. 
brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. 
aggregatus, Septoglomus viscosum, Claroideoglomus claroideum, C. etunicatum and P. brassicacearum. 
Different letters among treatments express statistically significant differences (p < 0.05).  
In the end, looking at the molecules of biological interest (Table 11), emetine was 
registered in all the co-inoculated plants only, and prim-O-glucosilcimifugin was 
detected in all the plants inoculated with the microorganisms, compared to the 
control ones. 
      Table 11 | Bioactive molecules found in A. annua leaves. 
 Plant Treatments 
Molecule name C SVB6R1 BEG12+SVB6R1 AMF mix+SVB6R1 
Emetine - - ✓ ✓ 
prim-O-Glucosilcimifugin - ✓ ✓ ✓ 
It is showed the presence (✓) or the absence (-) of each molecule in the leaf extract analysed in GC-MS in 
A. annua plants after 60 days of cultivation in the fourth experiment. C: control plants, SVB6R1: plants 
inoculated with P. brassicacearum, BEG12+SVB6R1: plants co-inoculated with F. mosseae and P. 
brassicacearum, AMF mix+SVB6R1: plants co-inoculated with Rhizophagus intraradices, R. aggregatus, 








In this work, the micropropagation technique proved to be a good method to 
obtain a uniform plant population in terms of genetic variability, also in an 
aromatic and medicinal plant like A. annua (1). The clones selected and supplied 
by CREA showed different morphologies: dwarf or tall, and a tighter or broader 
leaf lamina, according to the specific plant clone. However, some aspects related 
to the difficulty in the maintenance of plant culture in vitro conditions emerged. 
Among the 5 clones selected by CREA, only the CL26 proved to be stable both 
during the micropropagation steps and in vivo. This is a well-known problem of 
this technique, in which the majority of plant loss is related to the poor stability 
of the plant culture in vitro (2), and even more when seedlings are transferred in 
vivo conditions (3-5).  
1 - Mycorrhizal colonization 
A. annua plant, belonging to the Asteraceae family, can establish the symbiosis 
with AMF, as reported in some papers (6, 7). On the contrary, in this work a 
general low rate of mycorrhizal colonization in the root system was observed. 
Despite the low mycorrhization degree, we could observe variations among the 
different plant clones and the microorganisms used in each experiment. The 
highest levels of colonization were observed with R. irregularis (Ri) with the 
clone CL26 (10%), while the consortium of AMF was the most effective in all 
the clones, especially if compared to F. mosseae (BEG12). In this case, 
mycorrhizal colonization reached 2% at most, and in some cases it did not show 
significant differences to the uninoculated plants. These results are very different 
if compared with what is reported in literature, both using a single fungal species 
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and a consortium of fungi, in which mycorrhizal colonization in A. annua plant 
reached percentages ranged from 40% (8-13)  to 85% (14). In some of these 
studies, inoculation was performed with the same fungi used in the present study: 
in Awasthi et al. (10), plants of A. annua (cv. CIM-Arogya) inoculated with F. 
mosseae showed a percentage of mycorrhization of 52%, which is a higher value 
if compared to our 2% of colonization rate detected in the root of our clones 
inoculated with the same fungus; in Mandal et al. (11) and Domokos et al. (12, 
13) it was used the fungus R. irregularis which reached a root colonization of 
56% and 50% respectively, and also in this case these values were at a fair 
distance from those detected in our experiments with the same fungus, which 
showed a colonization rate near 10%. However, it must be underlined that the 
plants used in the before-mentioned studies were genetically different from our 
plants, which in turn were different from each other because they were distinct 
plant clones derived from in vitro micropropagation. Moreover, the different 
results observed in these mentioned studies could be due to the different growth 
conditions and substrate of cultivation. Mycorrhizal symbiosis is described as an 
aspecific mutualistic relationship (15) widely diffused among most of the 
Angiospermae (16), but a sort of compatibility between the two symbionts has 
been noticed (17, 18). In the literature, fluctuations in the mycorrhizal 
colonization in different accessions of A. annua inoculated with the same species 
of arbuscular mycorrhizal fungi have been reported (9). Moreover, also in other 
plant species, the mycorrhizal colonization can vary according to the plant and 
the fungus species (19), and even to the plant and the fungus genotypes (20). The 
great differences in root colonization, reported among and within many varieties 
of the same plant species (21), highlight the great importance of the compatibility 
between the two symbionts possibly during the first phases of the symbiosis 
establishment (22). In fact, despite they are not host specific, these fungi exhibit 
a host preference (23-27). This is probably related to the genetic differences in 
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the common symbiosis signalling, which is a pathway associated with the 
symbiosis establishment and the plant-fungus recognition process (28). This 
could involve root exudates, such as strigolactones (28, 29), flavonoids and 
sesquiterpenes, that are released from the roots as signalling compounds that 
intercede the root perception by the fungal mycelium, also altering the 
architecture of the root (30), that is in turn altered also by fungal exudates that 
influenced root hormone balance (31-33). In recent studies on wheat plants, some 
significant markers on wheat chromosomes and related to root architecture 
regions were detected, such as the Quantitative Trait Locus (QTL) (34), which 
could be involved in the establishment of the early genetic differences in the 
symbiosis (35). On the other hand, the establishment and the development of the 
mycorrhizal symbiosis are strongly influenced by different external 
environmental factors (36). They are very sensitive toward the availability and 
the amount of nutrients present in the soil, (particularly P and N; 9, 32, 37, 38). 
It has been widely recognised that arbuscular mycorrhizal development is heavily 
repressed in high phosphate conditions (38, 39). However, in our work, we used 
a nutrient solution containing a reduced concentration of phosphate (32 µM of P) 
for watering the plants. So another possibility, in order to explain the low 
mycorrhizal colonization detected in the roots of our plants, may be that the 
nutrients present in the peat, which was used to make the substrate of cultivation 
in all our experiments, cancelled the P nutrient-deficiency, thus making the 
cultivation substrate more rich in essential macronutrients. In fact, a granular 
slow-releasing mineral fertilizer was present in the peat and it was not subjected 
to leach out, with a NPK of 15-9-15 (w/w/w), and these essential macro-nutrients 
were all in soluble forms (Vigor Plant’s agronomist personal communication). 
Since A. annua is a ruderal plant which has not particular nutritional requirements 
(40, 41), despite the reduced P concentration in the used Long Ashton nutrient 
solution, a NPK of 15-9-15 in the used peat could be enough for its optimal 
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growth. In this respect, it is well known that plants have a direct pathway to take 
up macronutrients from the soil (42). Regarding P, they have a direct pathway 
(DP) responsible for the uptake of the above-mentioned macronutrients 
independently from AM fungi (43), due to the presence of specific transporters 
in the membrane of the root cells (P or N transporters; 44, 45). Instead, when P 
is present in low amounts in the soil or it is not available for plant uptake by DP, 
plants can establish symbiosis with AM fungi releasing strigolactones that give 
rise to the mutualistic relationship between them (46). In this latter case, plants 
can take up P through the mycorrhizal pathway (MP), thus restoring the 
macronutrient loss in the soil, and providing photosynthates to the fungus as a 
trade-off (47). So, if the plant is able to take up essential nutrients by itself, it 
does not require the symbiosis benefits and will not establish the interaction with 
AM fungi (38, 48). On the fungus side, this microbe is an obligate symbiont that 
needs a host plant to complete its life cycle (22, 46). Therefore, it is its interest to 
find a host and try to establish symbiosis with it. Furthermore, in some studies it 
was observed that high P supply can suppress the early stages of the plant-fungus 
interaction; in fact, the fungal hyphopodium formation is arrested as a result of 
the treatment with high P concentrations (48). Nevertheless, also under high P 
conditions, AM fungi can colonize the plant root depending on the combination 
of the P concentration, and the combination of plant and fungal species (21, 27, 
49-51). The plant-fungus exchange of nutrients takes place in the periarbuscular 
membrane, an intermediate surface between the plant cell and the arbuscule of 
the fungus (52). The arbuscule presence in the root is a sign that the symbiosis is 
active. Concerning this latter aspect, in our experiments the arbuscules were 
always detected in the roots, therefore the symbiosis was actually active, but to a 
lesser extent compared to what was reported in other studies on A. annua plant 
(12, 13) and in different plant species (20, 53), also inoculated with the same 
fungi used in our experiments (10, 11, 53) or with a consortium of AM fungi (14, 
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54) in different plant growth conditions. In fact, it was evident that the arbuscule 
abundance never overcame the threshold of 1%, except in the case of the CL26 
plants inoculated with R. irregularis and with a consortium of AM fungi (AMF 
mix). Once more, these observations led us to support the great importance of the 
compatibility between the partners involved in this symbiotic relationship (18, 
27, 53), but it could be a symptom of something that limited, not the 
establishment of the symbiosis, but its development after that the mutualistic 
dialogue was started. According to the above-mentioned considerations on the 
mycorrhization level in relation to NPK supply, also the extension of hyphae and 
the arbuscule formation in the root cells could be negatively influenced by high-
P levels in the growth substrate (38, 39, 55, 56). It could be plausible that root 
colonization by AMF is highly influenced by different factors which can easily 
overlap: sensitivity to nutrients (57), soil mineral content (58, 59), and genetic 
differences between and within the plant species (21, 27). In some cases, PGPB 
can support the mycorrhizal colonization and facilitate the fungal colonization of 
the roots (60, 61), also in A. annua plant as reported in several papers (10, 14). 
In our experiments, the two used bacteria (P. protegens strain Pf7 and P. 
brassicacearum strain SVB6R1) gave different effects on the mycorrhizal 
development according to the fungus species and the plant clone. F. mosseae 
(BEG12) colonization increased in the presence of Pf7 only in the CL26, CL6 
and CL7 clones, whereas it decreased in the CL10 plants. Instead, the same 
fungus was more responsive in the presence of SVB6R1: in fact, the co-
inoculation of BEG12 with SVB6R1 showed the highest values of colonization 
in the root. Also R. irregularis enhanced its colonization rate in the presence of 
Pf7, but more than in the presence of SVB6R1. On the contrary, the use of a 
consortium of different AMF species in the presence of SVB6R1 showed an 
improved fungal colonization in the root of all the clones, except for the CL24 
plants; while, the co-inoculation with Pf7 resulted in a significant reduction in 
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root colonization in all clones, except for the CL10 plants, in which an increase 
of this parameter was registered. These data highlight the importance of the 
compatibility not only between plant and fungus (62, 63), but also along the 
tripartite interaction fungus-bacterium-plant (64, 65), in order to increase the 
mycorrhizal colonization degree. It has clearly been observed that in some cases 
P. protegens and P. brassicacearum had a helper behaviour, according to the 
fungus species and the plant clone. This phenomenon was previously reported in 
studies on A. annua in which the mycorrhizal colonization improved in the 
presence of different PGPB (10, 14), even if they were inoculated with different 
bacterial genera comparing to those used in our experiments, and also in other 
plant species (66-69). It is well known that bacteria belonging to the 
Pseudomonas genus are often associated with Glomus sp. in natural soils (62, 70-
72), thus showing a good reciprocal compatibility and acting as Mycorrhiza 
Helper Bacteria (MHB; 73-76). These bacteria can use root exudates and soil 
nutrients, also providing nutrient uptake to the fungus (like P and N) and 
stimulating the release of root exudates by plants (77, 78). Furthermore, a 
molecular dialogue with AM fungi has been reported (79) and it leads to a 
stimulation of spore germination (80), hyphal branching (81), fast mycelium 
elongation (82) and root colonization (83), releasing metabolites, such as IAA 
(84, 85). Moreover, in some experiments the presence of other molecules, as 
flavonoids and Nod factors, could interfere between the fungus and plant root 
communication, acting as fungal growth regulators and leading to an 
enhancement of the AM colonization into the plant roots (86). MHB can 
indirectly stimulate higher mycorrhizal colonization by stimulating lateral root 
formation thanks to the above-mentioned auxin-like molecules (67, 87), thus 
increasing the number of plant-fungus interaction sites (88). Probably, bacteria 
interact with plant roots earlier than fungi, therefore they would release enzymes 
that digest the root cell wall (89, 90), making infiltration points that facilitate AM 
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fungi penetration and colonization (91). On the other hand, a neutral (92, 93) or 
negative effect on the mycorrhizal colonization rate can occur (51, 70, 71). This 
was reported, not only in the case of a single AM fungus species co-inoculated 
with one bacterium (94), but also in the presence of a AMF consortium and 
bacteria (51, 95). Rapparini et al. (14) detected a reduction in the mycorrhizal 
colonization in A. annua plants co-inoculated with a consortium of AMF (F. 
mosseae, G. intraradices, G. viscosum) and PGPB (P. fluorescens 2 strains, B. 
subtilis, Streptomyces sp., Radiobacter), if compared to plants inoculated with 
the AMF consortium alone. Also in other studies, in different plant species, a 
reduction of the mycorrhizal colonization in the presence of PGPB was reported 
(51). Negative effects on the mycorrhizal colonization due to the co-inoculation 
with the two different Pseudomonas strains used in our experiments, could be 
related to the before-mentioned compatibility and specificity of the interaction 
between the microbes (62-65), but also to the release of compounds by bacteria, 
that could have a negative influence on the fungal growth (96, 97). In fact, this 
genus of bacteria can produce a wide variety of secondary metabolites 
characterized by many different functions, such as anti-microbial activities (97, 
98). In particular, it produces metabolites like 2,4-diacetylphloroglucinol, 
polyketides, pyoluteorin, pyrrolnitrin and hydrogen cyanide, that are toxic to 
fungi (97, 99). In order to verify the mycorrhizal colonization development in the 
root over the time, we monitored it making an intermediate sampling at 30 days 
on the CL26 and CL7 plants, in the last experiment. The mycorrhizal colonization 
had lower values compared to the sampling at 60 days and, as we expected, it 
increased over the time according to what was reported in some works (51, 92, 
100). However, the absolute values of the mycorrhizal parameters (F%, M%, and 
A%) were lower if compared to other studies (100) probably because of the 
different plant species, and the mineral fertilizer present in our used peat. Instead, 
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after 60 days, the percentage of colonization in the root system was in line with 
what has been formerly reported in the text. 
2 - Plant growth parameters 
The plants of each clone showed very different growth responses, in accordance 
to the used microorganisms. Regarding the aboveground part of the plant, in 
general, it has been observed that the inoculum composed by a consortium of 
arbuscular mycorrhizal fungi (AMF mix) resulted to be the most effective to 
induce positive responses in the plants whatever the clone, showing an overall 
positive effect on the plant growth and, in some cases, specifically increasing the 
shoot biomass production (both fresh and dry). The same effect, in plants of the 
same clone co-inoculated with the AMF consortium and the two Pseudomonas 
species has been obtained, as underlined by the two-way ANOVA in which also 
the “Bacterium” factor assumed a significant positive influence on plant growth. 
It is known, from several studies on A. annua plants (101 and references therein), 
that the use of a AMF consortium or AMF and PGPB consortia can lead to an 
enhancement of plant growth parameters (14); but also in other studies, on 
different plant species, the same effect has been reported (102, 103), probably 
due to the synergism between fungi and bacteria (104). It is well known that 
mycorrhizal fungi have the ability to improve water uptake, water management 
of the plant and plant nutrition of essential minerals (105). These nutrients could 
be used as substrates in plant metabolism leading to an improvement of plant 
growth (106). Furthermore, PGPB produce many hormones such as IAA (107) 
and the capacity of AMF to change the hormonal balance of the plant (108) could 
have influenced plant development and thus its biomass production. However, in 
some cases a low response to the before-mentioned consortium of 
microorganisms has been observed. In fact, the co-inoculation with the AMF 
consortium and P. brassicacearum led to a reduction of biomass in CL10 and 
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CL24 plants. This observation has highlighted the key role of the plant genotype, 
a phenomenon well reported in the scientific literature (18) and related to a 
genetic compatibility between the plant and the used microorganisms (109). This 
compatibility would be crucial in order to have positive effects on plant 
productivity, as reported in Rapparini et al. (14), in which a consortium of either 
mycorrhizal fungus or PGPB improved plant growth compared to uninoculated 
plants. Looking at the plants inoculated with a single species of AMF, we 
observed a more variable trend. In the plants inoculated with F. mosseae 
(BEG12) alone, a neutral effect in three clones (CL26, CL10 and CL6) and a 
negative impact in one clone (CL7) were observed. Also the inoculation with R. 
irregularis (Ri) in CL26 plants resulted in a neutral effect on the plant growth. 
When the same plant clones were co-inoculated with the same above-mentioned 
fungi and with P. protegens (Pf7) or P. brassicacearum (SVB6R1), the results 
did not change, with the exception of the Ri+Pf7 plants of CL26 in which a 
significant reduction of leaf dry biomass was registered, and in Pf7+BEG12 
plants of CL7 in which the shoot biomass reduction was even more pronounced. 
These data are quite different if compared to other studies in which A. annua 
plants inoculated with a single fungal species showed an increase in the plant 
growth and thus in the shoot biomass production (8-10, 12, 13). In some cases, 
as Domokos et al. (12) and Awasthi et al. (10), the same fungi as ours were used, 
R. irregularis and F. mosseae respectively, but probably the different plant 
genotype and fungal strain have been the cause of the different results; this 
hypothesis is also supported by the corresponding low rate of R. irregularis and 
F. mosseae root colonization and arbuscule abundance in our experiments. This 
underlined the essential role of the genotypic compatibility between the two 
symbionts. In fact, it is widely recognised that various AM fungi can colonize 
plant roots to different degrees and hence they can have variable effects on the 
plant growth, called “effectiveness” (9). These properties are under genetic 
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control of the actors of this interaction: the host plant and the AM fungus (110). 
Accordingly, in Awasthi et al. (10) the fungus G. fasciculatum was not able to 
stimulate significant variations in plant growth, if compared to the control plants 
and the plants inoculated with G. mosseae, or G. aggregatum, or G. intraradices, 
consistently with the data of the present study. Looking at other plant species, 
there are many papers that showed the positive effect on the plant growth due to 
the mycorrhizal fungi over the last 15 years (111 and references therein). Other 
studies underlined significant variations, in a negative, neutral, or positive way, 
on plant productivity depending on the two partners of the symbiosis (19, 20, 23). 
Furthermore, always Awasthi et al. (10) observed that plants co-inoculated with 
F. mosseae and Bacillus subtilis or Stenotrophomonas spp. had an increase in 
shoot biomass compared to the plants inoculated with the fungus alone. Despite 
these results are in contrast with our work, in the same study, neutral and negative 
effects on the A. annua biomass production were reported, in depending on the 
combination of the used fungus and bacterium (10). Similar contrasting results 
were also reported in studies on other plant species (19, 112, 113). Currently, not 
much is known on the cross-talk between PGPB and AMF, but they would share 
a significant homology in some receptors for signal molecules produced and 
released by themselves and, in some cases, these receptors could be able to 
perceive both signal types (104). Among these signal molecules, beneficial 
bacteria produce exopolysaccharides that are good candidates as an important 
factor for the establishment of the association with AM fungi (114). Furthermore, 
in van Buuren et al. (115), genes of exoribonuclease were also detected in some 
soil bacteria that would be required to develop a positive association with 
Gigaspora margarita. In other studies, MHB can stimulate AMF growth also 
thanks to a wide range of active metabolites (vitamins, amino acids) and growth 
substances, that may directly stimulate AMF growth (116, 117). 
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Instead, regarding the fungi, they can release organic compounds from hyphae 
which can support the nutrition of the rhizospheric microbes (95). Some studies 
have observed that AM fungi can increase bacterial populations in the soil, and 
these interactions can be commensalistic as well as amensalistic (118); but in 
some cases the presence of an AM fungus can supress the population of different 
bacterial species (119). It could also be important to consider that in all the plant 
clones, inoculated with AMF alone or co-inoculated with AMF and bacteria, the 
mycorrhizal colonization was low, as already underlined in the specific section 
of this discussion. Therefore, it could be possible that AMF colonization at low 
levels has not growth promotion effects on each plant clone, as observed in Xie 
et al. (19). However, few data are available in the scientific literature about the 
threshold level of hyphae and mainly of arbuscules required for a significant 
promoting effect on plant shoot biomass production. But in some cases it was 
reported a significant increase in plant growth (also in field conditions) despite a 
low mycorrhizal colonization degree at root level (93). On the other hand, a 
biomass reduction in the presence of AMF colonization was reported (120-122). 
In these cases, fungi could act as a “hitch-hiker” profiting from the symbiosis 
network established with the plant without returning benefits back to the host 
(123). This way has been confirmed by experiments that underlined the AMF 
capacity to change the carbon, nitrogen and phosphorus stoichiometry in plant 
tissues (124). Another possible explanation for the neutral and negative effects 
on the plant biomass production could also be related to the nutrient levels of the 
mineral fertilizer present in the used peat (NPK 15-9-15 all in soluble form); in 
fact, many studies reported that, when the environmental conditions (in particular 
the nutrient availability) are good enough for the requirements of the specific 
cultivated plant species, the AMF effect tends to have a minor importance on the 
growth and development of the host plant (13). The principal advantage furnished 
to the plant by AMF is the translocation of mineral nutrients not available for 
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plant uptake, i.e. those in insoluble forms (125, 126). Therefore, if these nutrients 
are all in soluble form and not in limited amount, as it probably happened in the 
present work, the plant might not need the fungus help, and the fungus could have 
suppressed the direct P uptake by the plant roots (27, 127, 128). Considering the 
used bacteria, P. protegens and P. brassicacearum, alone or in combination, their 
effects on the shoot growth of A. annua clones were substantially neutral. In fact, 
the vast majority of the shoot growth parameters had the same trend and values 
detected in the control plants. These observations are in contrast with what 
reported in many studies on A. annua plants inoculated and co-inoculated with 
beneficial soil bacteria, in which an improvement of the shoot growth parameters 
was always reported (10, 129-132). However, in strawberry plants, Morais et al. 
(133) observed no beneficial effect on the plant growth in all the bacterial 
treatments. In addition, also in other studies, a lack of positive effects on the basis 
of the specific strain was reported (134, 135). Instead, in our experiments, P. 
protegens and P. brassicacearum had a negative effect on the shoot growth: the 
first one in two clones (CL7 and CL10), while the second bacterium only in one 
clone (CL10). Since the control plants had almost always the best values of shoot 
biomass, it could be plausible that, beyond the plant genotype-bacterial strain 
compatibility (136), there might have been a competition for the nutrients present 
in the substrate of cultivation between plants and bacteria. Therefore, since plants 
can independently take up soluble nutrients by specific transporters present in the 
root cells (25), and soil bacteria also use these soluble elements for their own 
growth (137, 138), it is possible a sort of plant-bacteria competition for the main 
macronutrients (139, 140). Chemical fertilizers, which are rich in readily 
available nutrients, can strongly influence the soil microbial population (138, 
141) that have the capacity to use NPK in soluble forms for their own growth and 
reproduction (138, 142). On the other hand, it has also been reported that in soils 
with a great availability of nutrients (particularly N and P) the belowground 
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communities can be strongly influenced in their composition (143, 144) due to 
their sensitive to NPK fertilization, and in this context microbes and plants can 
compete for the nutrient resources (145). In our experiments we used two species 
of the Pseudomonas genus, which are Gram negative bacteria, and interestingly 
in a study of Peacock et al. (146) it was observed that high rates of N significantly 
lowered the abundance of the Gram negative bacteria more than the Gram 
positive ones, comparing to unfertilized soil. So it is possible that the amount of 
N in the mineral fertilizer present in the peat could have had an influence on the 
mentioned used bacteria. However, other studies report no differences in the 
bacterial community composition between fertilized and unfertilized soils (147-
149). Therefore, according to the available data, it is very difficult to deduce the 
multiple interrelated interactions among the fertilizer type and amount, the soil 
microorganism groups, and the plant species (150). Plant-microorganism 
interaction is strongly driven by the chemotactic response of bacteria in respect 
to the organic compounds secreted by the roots (151-153). For instance, Hawes 
et al. (154) reported that a specific group of root cells, such as the root border 
cells, on one hand it stimulates the growth and chemoattraction of bacteria and 
fungi, and on the other hand it can release compounds in the rhizosphere, that 
enhance plant growth and inhibit several bacteria and fungi, when the nutrient 
conditions are not limited for the plant growth (155). This phenomenon has also 
been observed by Walker et al. (156), in which the secretion of anti-microbial 
metabolites, as root exudates, suppressed Xanthomonas sp. and P. fluorescens 
strains. In another study, on Mentha piperita, root exudates reduced the 
Pseudomonas population in the soil (157): it is known that some plants can 
release a broad range of secondary metabolites with anti-microbial activity (158), 
and A. annua plant has many potential root compounds for this purpose (159, 
160). During the sampling, after 30 days of cultivation, beyond the lower values 
of all the growth parameters related to the age of the plants, no differences in the 
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results have been reported if compared to the sampling after 60 days on the CL26 
plants; whereas the shoot biomass already decreased in a significant manner in 
the CL7 plants inoculated with F. mosseae also in the co-presence of P. 
protegens, thus showing that some microorganism influence on the plant growth 
can also manifest in the first phases of the plant-microbes interaction (100). 
Concerning the belowground part of the plant, a few differences have been 
detected among all the plant treatments in every clone during each single 
experiment. In fact, the best values were always registered in the control plants 
if compared to all the other plant treatments. A significant improvement in root 
biomass was observed only in CL26 plants inoculated with the fungal consortium 
(AMF mix), that have a higher rate of arbuscule abundance compared to all the 
plant clones inoculated with AMF. The same result was reported by Domokos et 
al. (12) that observed an increase in root growth in A. annua plants inoculated 
with AMF. In addition, different studies showed that plant root increased its own 
biomass due to AM colonization (31, 161-165). In this sense, it is well known 
that mycorrhizal fungi can release macronutrients, like nitrogen and phosphate, 
directly inside the root cortex and afterwards specific plant ion transporters, 
present in the periarbuscular membrane, can transfer these nutrients into the plant 
cell (166-168), thus improving the root growth. However, the same inoculum led 
to a reduction of root fresh biomass in the CL10 plants but not in the dry one, 
thus underlining an important role of the AM fungi in helping the plant for a 
better water management (128). In addition, both  bacterial strains gave rise to a 
decreasing root growth in two clones (CL24 and CL10), when inoculated in 
combination too. These results differ from those reported in two studies on A. 
annua plants inoculated with PGPB, in which the root biomass significantly 
increased compared to the control ones (131, 132), and differ from observations 
in which several species of the Pseudomonas genus had the same before-
mentioned effect, but in different plant species (169-171). On the other hand, our 
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results are in accordance with other studies in which a decreased root growth was 
observed (172, 173). The inoculum composed by F. mosseae and P. protegens or 
P. brassicacearum gave a significant increase in root growth comparing to the 
control plants, only in  the CL26 clone; whereas, the same bacteria used in 
combination with R. irregularis, in the same clone, have an opposite response 
compared to the previous one. Instead, the dual inoculation with the AMF 
consortium and P. protegens increased some root parameters only in CL26 
plants, but significantly decreased the root growth in CL24 plants, in this latter 
case also by substituting P. protegens with P. brassicacearum. Furthermore, a 
significant decrease in root biomass, using the AMF consortium in combination 
with P. brassicacearum, was also observed in the CL10 plants, if compared to 
the control ones. Unfortunately, the effect on A. annua root growth is poorly 
investigated, scanty  information is available, and our results are partially in 
accordance with studies that reported an improvement in the root growth when 
the plants were co-inoculated with PGPB and an endophytic fungus (132, 133). 
Also in other studies on different plant species, the combined use of AMF and 
PGPB has been reported: this leads to an enhancement in the root biomass 
production (172, 174-176). Moreover, some papers reported that the root growth 
increased in trifoliate orange plants inoculated with AMF under drought 
conditions, whereas it decreased in well-watered conditions (177). Therefore, 
different AMF can give rise to different influences on the root growth, on the 
basis of their specific compatibility with the specific plant genotype and 
according to the growth conditions (122). The increases in root biomass observed 
in our study, in the presence of the AMF consortium, could be related to the 
presence of different fungus species, some of which could be more efficient in 
high soil nutrient conditions (178). Concerning bacteria, also in this case, many 
factors such as plant genotype, bacterium species, bacterium strain, and available 
soil nutrients, could influence the plant response and the positive effect due to 
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the inoculation (169, 179, 180). In fact, different PGPB species can have several 
effects also on the root growth (135). These microbes, included the Pseudomonas 
genus, can produce IAA that stimulates the root growth (171, 181), but also 
cytokinins, like zeatin (182), and DAPG at low concentrations (183), could 
inhibit the root growth (185). According to some papers, the plant would drive 
the selection of microorganisms (185, 186), this could be due to the composition 
of the root exudates which is in turn dependent on the developmental stage of 
plant (187), soil abiotic factors such as nutrient availability (172), and the intra- 
and interspecific genetic variability (188). So, the beneficial association 
establishment needs a mutual recognition and coordinated responses between 
plant and microbes, and since the PGPB (like Pseudomonas species) require a 
physical contact with the host root, in order to stimulate the plant growth, the 
composition of the root exudates could be a crucial factor that may have 
influenced the interaction between bacteria and plants (189, 190). 
3 - Photosynthetic pigments 
Regarding the photosynthetic pigment concentration in the leaves, each clone 
showed different responses according to used microorganisms. In most cases, no 
differences were reported among all the plant treatments in each clone, thus 
showing a neutral effect. Instead, significant differences were detected in the 
CL26 plants, in which both chlorophyll a and b increased in the presence of F. 
mosseae and P. protegens, and when F. mosseae were co-inoculated with P. 
brassicacearum or P. protegens. The inoculation with the AMF consortium 
resulted in an improvement, whereas the combined use of the same inoculum 
with P. protegens or P. brassicacearum led to a decrease in the chlorophyll 
concentrations. Instead, the use of P. protegens alone decreased both the 
chlorophyll a and b concentration in the CL7 plants, but increased the chlorophyll 
b concentration only when these plants were co-inoculated with the above-
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mentioned bacterium and F. mosseae. On the other hand, P. protegens alone gave 
rise to an improvement in the chlorophyll a concentration in the CL24 plants, 
also when inoculated in combination with P. brassicacearum. This latter 
combination also led to an enhancement of the chlorophyll b concentration only 
in the CL10 plants. According with what has been above discussed, there are 
many papers on A. annua plants that reported no differences in the chlorophyll 
concentrations in the presence of AMF and PGPB, used alone or in combination 
(8, 12, 14). This trend was also observed in other plant species, such as strawberry 
(53, 133), common bean and maize (190, 191). Nevertheless, many studies on A. 
annua plant inoculated with beneficial soil microorganisms showed a significant 
increase in chlorophyll concentrations (129, 131, 192), a trend also observed in 
other plant species (19, 126, 190, 193, 194-197). Moreover, PGPB can produce 
siderophores that facilitate plant iron acquisition, and since it is an important 
element in many key biochemical processes, this could improve the 
photosynthetic efficiency (198-201). Looking at the chlorophyll a/b ratio, only 
in one clone (CL10) an increase of this parameter was observed, while in all the 
other clones a reduction of this ratio in the plants inoculated with microorganisms 
was detected. This was probably due to the variation in the proportion of the 
chlorophyll a and b concentrations in each single treatments. It would have 
seemed that an equilibrium between costs and benefits was combined with the 
effect of both mycorrhizal symbiosis and PGPB on plant growth (202). Plants 
paid a higher cost in terms of photosynthates for the symbiosis, but it would be 
balanced by an improved photosynthetic capacity (203). Therefore, the result and 
the extent of the effects on the photosynthetic pigments are greatly dependent on 
the AMF species, the PGPB strain and the plant genotype compatibility (126, 
204, 205), and also on the synergism between AMF and PGPB (18). Instead, the 
carotenoid concentrations increased only in the CL26 plants co-inoculated with 
F. mosseae and P. protegens, and decreased in CL7 plants inoculate with P. 
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protegens alone. An increase of carotenoids in A. annua plants in the presence of 
a dual microorganism inoculation was also reported by Arora et al. (131). In fact, 
it is known that AMF and PGPB can stimulate the antioxidant compound 
production in the plants (132), and protect plants from abiotic and biotic stress 
(206), for instance against oxidative damage as a prevention for the generation 
of ROS (207). 
4 - Artemisinin concentration in the leaves 
The analysis of artemisinin concentration in the clones used in the sixth 
experiment, CL26 and CL7, revealed that the concentration in the plant can be 
influenced by the clonal variability, as reported in other studies (1), but slight 
variations and no differences among all the plant treatments have been registered, 
both after 30 and 60 days of cultivation. On the contrary, significant differences 
were recorded between the two samplings in each single plant treatment, thus 
underlining the importance of the time to increase the artemisinin content in the 
A. annua leaves, as already reported in Towler and Weathers (208) and observed 
in our previous study (unpublished data). These findings disagree with many 
papers that showed an increase in the artemisinin content in response to plant 
inoculation with beneficial soil microorganisms (8-13, 129-132, 209, 210). In 
fact, the mycorrhizal symbiosis and the interaction between plant and PGPB can 
induce the methyl erythritol phosphate (MEP) pathway, thus enhancing the 
availability of substrates used for the artemisinin biosynthesis (211, 212). On the 
other hand, some studies revealed no significant variations in the terpenoid 
pathway (14), also in other plant species (54) in presence of beneficial 
microorganisms. In addition, in some works different species of AMF and PGPB 
were used and, in some cases, not all the microorganisms gave rise to an increase 
in the artemisinin content. In this regard, for instance, the fungus F. mosseae has 
poorly been used, and in Awasthi et al. (10) the plants inoculated with this fungus 
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alone did not result in a significant difference in the artemisinin content, whereas 
the difference became significant when the same fungus was co-inoculated with 
PGPB. In another study, the artemisinin content dramatically increased in the 
inoculated plants, according to the used fungus and the plant accession (9); 
furthermore, in the same study a plant treatment supplied with only a mineral 
fertilizer was also present, and it resulted in a similar amount of artemisinin 
concentration if compared to the plants inoculated with microbes. Therefore, the 
plant-microbes compatibility could play a crucial role in order to have a 
stimulatory effect on the artemisinin production (9, 10). 
5 – Leaf metabolites 
Concerning the leaf metabolites, in CL26 plants in the sixth experiment, the 
larger number of molecules detected in the young plants, compared to the plants 
grown for 60 days, reflects the fact that younger plants have a wide range of leaf 
secondary metabolites as a protection from all the types of biotic stresses (213). 
In the two considered experiments, the use of different microorganisms resulted 
in leaf volatile profile variations, in terms of chemical classes. Some of  which, 
such as alkanes, were even not present in plants co-inoculated with AMF 
consortium and P. protegens. This phenomenon has only partially been reported 
in few studies on different cultivar of A. annua plants without the presence of 
microorganisms (214), but it has been well reported only in strawberry fruits in 
plants inoculated with bacteria and fungi (53). In fact beneficial soil microbes, 
such as AMF and PGPB, can modulate plant secondary metabolism as recorded 
in many studies on other plant species (7, 113, 215-220). A. annua is an 
aromatic/medicinal plant, therefore the essential oil is the most appreciated 
product, beyond the artemisinin, also for its anti-microbial properties (221, 222). 
In both the experiments, all the typical components already reported in literature 
of the A. annua essential oil were detected, such as aromadendrene, artemisia 
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ketone, byciclogermacrene, bisabolene <(Z)-,γ>, bisabolol α, cadin-4en-7-
ol<cis->, camphor, caryophyllene oxide, caryophyllene-€, chrysantenol<cis>, 
copaene α, copaene β, cubebene α, cubebene β, eicosane, elemene β, eugenol, 
farnesene <E-,β>, germacrene D, lavandulyl acetate, mentha-2,8-dien-1-ol <cis-
,para->, myrtenol, phytol, pinocarvone, 264ivari-3,11-dien-6-α-ol, selinene β, 
spathulenol, valencene (214, 222-225). In addition, other essential oil 
components, detected in other plant species but not yet reported in the A. annua 
leaves, were found: allo-cedrol (226), calarene (227), cedroxyde (228), 
cypertundone (229), drim-8(12)-ene (230), elemodiol <8-α-11-> (231), 
eremophilone (232), isocedranol (233), thujopsenal (234), tricos-(9Z)-ene (235), 
vetivone (236), γ-muurolene (237, 238). In both cases and experiments, 
qualitative and, for some components such as bisabolene, eugenol, eremophilone 
and γ-muurolene, also quantitative variations among the different plant 
treatments were found, according to other studies both on A. annua (9, 13, 14, 
224) and other plant species (239, 240). The  different microorganisms modulated 
plant secondary metabolite production in a different degree. The precise 
mechanisms involved in this effect on the plant secondary metabolism are not 
still completely understood, and three different hypothesis, concerning these 
variations provided by the beneficial microbes, are the most accredited: an 
improved uptake of nutrients (241-242), an activation of specific metabolic 
pathway (244, 245), or a defensive response toward bacteria and fungi (246). In 
reference to this last hypothesis, some molecules of biological interest and 
bioactive against microorganisms, such as benzoic acid, deoxyartemisinin, 
emetine, prim-O-glucosilcimifugin, and scopoletin were detected among the 
identified ones. Their presence varied according to the plant age and the used 
microbes. Emetine was present in all the young plants inoculated or not, whereas 
its presence was reported only in the adult plants inoculated with P. protegens 
alone, and in those co-inoculated with SVB6R1 and BEG12 or AMF mix. This 
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situation could be considered as a response displayed by the plant toward the 
specific bacterium alone over the time, in which this alkaloid molecule has a wide 
spectrum of anti-microbial activities (247, 248). These findings could also be 
supported by the fact that the use of P. brassicacearum alone did not stimulate a 
similar plant response, but only when it was inoculated in combination with 
fungi. Benzoic acid (BA) was found only in the young plants inoculated with P. 
protegens alone; it is an aromatic carboxylic acid with a wide range of anti-
bacterial activities (249), that can even work both as a precursor of primary and 
secondary metabolites (250) and as a participant in the internal signals which are 
involved in the defence response against several stress conditions (biotic and 
abiotic; 251). Furthermore, BA can also play a crucial role in the chemical 
modification of root exudates (252), thus acting as an allochemical and a 
mediator of stress responses associated with plant-pathogen interactions when 
mineral nutrients accumulate in high concentrations in the soil (253). Scopoletin 
is a coumarin which possesses anti-microbial activities (254, 255) and it is related 
to disease resistance in many plants (256, 257). As BA, its presence was 
registered only in the younger plants inoculated with P. protegens alone, thus 
highlighting a PGPB-mediated induced systemic resistance (ISR; 258). 
Deoxyartemisinin, a molecule with a chemical structure like artemisinin without 
the endoperoxide bridge (259), also varied in accordance with the plant age and 
the microorganism presence: it was present only in the young control plants and 
in the adult inoculated plants of the sixth experiment. Unfortunately, no data are 
available in literature regarding this molecule in the presence of beneficial 
microbes. However, these findings underline the possibility that some metabolic 
changes need different times to be manifested, also in the presence of 
microorganisms (260). Prim-O-glucosilcimifugin (POG) is a chromone and one 
of the major effective components in Saposhnikovia divaricata root (261, 262), 
but it has never been detected in A. annua plants until now. POG also showed 
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variations over the time and according to the used microbes: in the sixth 
experiment, it was present in the young uninoculated plants and in those 
inoculated with the AMF mix alone; whereas in the older plants it was found in 
the controls and in those inoculated with P. protegens, even when it was in 
combination with the AMF consortium. Probably, either the time of cultivation 
or the bacterium re-inoculation performed in all the experiments after 30 days 
contributed to modify its production. On the other hand, POG was found in all 
the plants treated with other microorganisms in the fourth experiment (P. 
brassicacearum, F. mosseae and P. brassicacearum, AMF mix and P. 
brassicacearum), and this molecule is well known for its anti-bacterial and anti-
fungal properties (263, 264). This further data highlights a specific interaction 
between plant and microbe species/combination, that revealed a wide range of 
plant metabolic responses probably due to the relationship established between 
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In conclusion, the micropropagation technique has proved to be a good, rapid and 
safe method to select new plant genotypes in a short period of time. The method 
has some limits due to the stability of the new plant clones both in vitro and in 
vivo conditions. However, it has the advantages to provide a uniform plant 
population in terms of genetic variability and a large number of available plants. 
The mycorrhizal colonization showed generally low values in all the cultivated 
clones, with some slight fluctuations according to the different used 
microorganisms and their combination. Thus it is underlined the crucial role of 
the plant-fungus-bacterium compatibility, but also the equally crucial role of the 
available essential nutrients in the growth substrate. 
The used microorganisms resulted in a wide range of effects on the above- and 
below-ground of the different plant clones, underlining the importance of the 
plant-microbes compatibility in order to have positive responses in terms of plant 
productivity. Beyond this latter observation, also the substrate of growth, and 
particularly, its available content of nutrients played a crucial role on the 
relationship that established among the actors of these symbiotic relationships. 
Furthermore, also the interaction between the microbes, AMF-PGPB, can 
contribute to the improvement of plant growth. 
The artemisinin content showed different concentrations in each single clone, 
thus demonstrating that in vitro culture is a good tool in order to select high 
artemisinin genotypes. Its concentrations did not vary in the presence of the used 
microorganisms, so these microbes have proved to be poorly effective in order to 
modulate artemisinin content with the used plant clones. However, the time of 
cultivation also represents another important factor to reach its maximum yield. 
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The leaf metabolite analysis revealed that beneficial soil microorganisms have 
the potential to stimulate plant defence and modulate plant secondary 
metabolism, even in a different manner over the time, thus changing the 
qualitative characteristics of the plant material. Furthermore, new essential oil 
components and bioactive molecules, have been detected in the A. annua leaves 

















In the future, it could be interesting to use other beneficial soil microorganisms 
in order to find the best compatibility/effectiveness in terms of mycorrhizal root 
colonization, plant biomass and artemisinin production, with the clone selected 
in this work.  
It could also be worthwhile to make use of a different growth substrate in order 
to reduce the factors that could influence the experiments. 
Considering the wide range of bioactive molecules which have been found in the 
A. annua clone leaves, it could be interesting to test the effectiveness of the leaf 
extract or the essential oil as an anti-microbial, an anti-parasitic or in the medical 
















1 - First experiment | Clone 26 (CL26) 
Table 2 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control Pf7 AMF mix AMF mix+Pf7 
Shoot fresh weight (g) 14.390 ± 0.286a 15.221 ± 0.379a 14.822 ± 0.324a 14.651 ± 0.234a 
Shoot dry weight (g) 3.899 ± 0.089a 4.189 ± 0.174a 4.030 ± 0.139a 4.246 ± 0.114a 
Leaf fresh weight (g) 8.299 ± 0.219a 8.966 ± 0.206a 8.645 ± 0.320a 8.497 ± 0.186a 
Leaf dry weight (g) 2.133 ± 0.046a 2.189 ± 0.029a 2.137 ± 0.041a 2.223 ± 0.045a 
Shoot dry/fresh weight 0.271 ± 0.005a 0.275 ± 0.008a 0.272 ± 0.008a 0.290 ± 0.005a 
Root fresh weight (g) 13.278 ± 0.639a 13.192 ± 0.676a 13.943 ± 0.489a 12.007 ± 0.491a 
Root/Shoot fresh weight 0.920 ± 0.031a 0.871 ± 0.048a 0.947 ± 0.046a 0.819 ± 0.031a 
Stem height (cm) 41.000 ± 1.145a 40.800 ± 1.103a 39.500 ± 1.698a 39.710 ± 1.079a 
Root length (cm) 30.538 ± 0.974a 28.470 ± 1.574a 30.390 ± 1.129a 29.300 ± 0.864a 














2 - Second experiment | Clone 10 (CL10) and Clone 24 (CL24) 




















Table 2.1 | Data of the different plant parameters that did not show significant differences between the various treatments. 
Plant treatment 
Parameter Control Pf7 SVB6R1 Pf7+SVB6R1 BEG12 BEG12+Pf7 BEG12+SVB6R1 
Shoot fresh 
weight (g) 
20.012 ± 0.478a 19.970 ± 0.291a 20.803 ± 0.379a 20.381 ± 0.527a 19.228 ± 0.405a 20.761 ± 0.605a 20.164 ± 0.379a 
Leaf fresh 
weight (g) 
12.238 ± 0.336a 12.190 ± 0.091a 12.618 ± 0.320a 12.590 ± 0.378a 12.227 ± 0.238a 12.236 ± 0.314a 12.057 ± 0.281a 
Root fresh 
weight (g) 
17.682 ± 0.655a 16.206 ± 1.103a 16.290 ± 0.484a 14.581 ± 0.982a 15.310 ± 0.874a 13.767 ± 1.415a 14.704 ± 0.558a 
Root dry 
weight (g) 
2.390 ± 0.103a 1.792 ± 0.077a 2.237 ± 0.130a 1.857 ± 0.151a 1.947 ± 0.146a 1.974 ± 0.200a 2.114 ± 0.107a 
Root/Shoot 
fresh weight 
0.886 ± 0.049a 0.814 ± 0.067a 0.785 ± 0.030a 0.719 ± 0.049a 0.793 ± 0.041a 0.664 ± 0.069a 0.729 ± 0.027a 
Stem height 
(cm) 
36.000 ± 1.733a 38.460 ± 2.482a 43.067 ± 0.767a 41.329 ± 1.528a 35.683 ± 1.587a 37.971 ± 2.935a 40.800 ± 1.357a 
Chl a 
(µg/mL) 
46.721 ± 2.460a 44.499 ± 2.673a 39.413 ± 1.298a 44.918 ± 2.966a 40.671 ± 1.446a 40.476 ± 2.259a 39.615 ± 2.245a 
Chl b 
(µg/mL) 
13.844 ± 0.789a 13.437 ± 0.856a 10.835 ± 0.366a 12.548 ± 0.910a 11.328 ± 0.517a 11.377 ± 0.658a 11.574 ± 0.812a 
Carotenoids 
(µg/mL) 
























Table 2.2 | Data of the different plant parameters that did not show significant differences between the various treatments. 
 Plant treatment 
Parameter Control Pf7 SVB6R1 Pf7+SVB6R1 AMF mix AMF mix+Pf7 AMF mix+SVB6R1 
Shoot fresh 
weight (g) 
17.435 ± 0.341a 17.767 ± 0.375a 16.774 ± 0.224a 17.759 ± 0.458a 18.027 ± 0.312a 18.446 ± 0.514a 18.132 ± 0.286
Shoot dry 
weight (g) 
4.665 ± 0.111a 4.112 ± 0.059a 4.503 ± 0.137a 4.191 ± 0.118a 4.583 ± 0.094a 4.360 ± 0.193a 4.230 ± 0.233
Leaf fresh 
weight (g) 
11.043 ± 0.206a 11.402 ± 0.284a 10.839 ± 0.285a 11.674 ± 0.308a 11.082 ± 0.149a 11.603 ± 0.313a 11.262 ± 0.291
Leaf dry 
weight (g) 
2.792 ± 0.077a 2.512 ± 0.032a 2.754 ± 0.097a 2.603 ± 0.055a 2.667 ± 0.066a 2.681 ± 0.104a 2.586 ± 0.117
Stem height 
(cm) 
51.383 ± 0.530a 53.150 ± 0.518a 49.900 ± 0.848a 50.900 ± 1.621a 51.000 ± 1.104a 52.371 ± 1.210a 53.680 ± 0.968
Chl a (µg/mL) 40.328 ± 2.011a 43.592 ± 2.825a 37.333 ± 1.413a 42.363 ± 2.451a 40.749 ± 3.578a 37.989 ± 3.434a 42.127 ± 3.909
Chl b (µg/mL) 11.601 ± 0.583a 13.312 ± 0.910a 11.373 ± 0.460a 12.971 ± 1.018a 11.820 ± 0.947a 12.098 ± 1.114a 12.414 ± 1.131
Carotenoids 
(µg/mL) 





3 -  Third experiment | Clone 10 (CL10) and Clone 6 (CL6) 


















Table 3.1 | Data of the different plant parameters that did not show significant differences between the various treatments. 
Plant treatment 
Parameter Control Pf7 SVB6R1 Pf7+SVB6R1 AMF mix AMF mix+Pf7 AMF mix+SVB6R1 
V% 0a 0a 0a 0a 0.057 ± 0.036a 0.114 ± 0.067a 0.430 ± 0.179a 
Leaf fresh 
weight (g) 
13.250 ± 0.176a 14.077 ± 0.606a 13.270 ± 0.250a 12.813 ± 0.264a 13.598 ± 0.799a 14.467 ± 0.262a 14.371 ± 0.205a 
Root dry 
weight (g) 
2.910 ± 0.332a 2.223 ± 0.370a 1.827 ± 0.062a 2.667 ± 0.613a 2.775 ± 0.222a 2.964 ± 0.244a 2.544 ± 0.155a 
Root/Shoot 
dry weight 
0.530 ± 0.029a 0.423 ± 0.052a 0.373 ± 0.018a 0.537 ± 0.090a 0.445 ± 0.039a 0.497 ± 0.024a 0.457 ± 0.020a 
Stem height 
(cm) 
47.833 ± 1.764a 46.233 ± 1.220a 41.933 ± 2.576a 45.800 ± 3.710a 45.617 ± 2.344a 47.829 ± 1.894a 45.200 ± 2.114a 
Chl a (µg/mL) 41.717 ± 3.453a 48.836 ± 1.024a 48.803 ± 1.696a 54.434 ± 3.415a 43.320 ± 1.690a 43.677 ± 3.194a 42.438 ± 3.732a 
Carotenoids 
(µg/mL) 
























                                                                                                                                                                   
 
Table 3.2 | Data of the different plant parameters that did not show significant differences between the various treatments. 
 Plant treatment 
Parameter Control Pf7 SVB6R1 Pf7+SVB6R1 BEG12 BEG12+Pf7 BEG12+SVB6R1 
Shoot fresh weight (g) 22.168 ± 0.499a 20.788 ± 0.816a 21.790 ± 0.561a 21.681 ± 0.617a 20.753 ± 0.575a 21.077 ± 0.690a 21.073 ± 0.355
Shoot dry weight (g) 5.635 ± 0.179a 5.195 ± 0.245a 5.291 ± 0.205a 5.471 ± 0.100a 5.123 ± 0.200a 5.143 ± 0.274a 5.034 ± 0.215
Leaf fresh weight (g) 12.377 ± 0.401a 11.452 ± 0.662a 12.629 ± 0.317a 11.907 ± 0.436a 11.810 ± 0.624a 11.791 ± 0.453a 12.030 ± 0.539
Leaf dry weight (g) 2.903 ± 0.092a 2.857 ± 0.111a 2.881 ± 0.061a 2.870 ± 0.069a 2.753 ± 0.043a 2.747 ± 0.104a 2.771 ± 0.073
Shoot dry/fresh weight 0.255 ± 0.010a 0.253 ± 0.019a 0.241 ± 0.006a 0.254 ± 0.006a 0.248 ± 0.015a 0.244 ± 0.011a 0.240 ± 0.013
Root fresh weight (g) 15.367 ± 0.695a 15.692 ± 0.978a 14.716 ± 1.094a 16.183 ± 0.535a 17.460 ± 1.153a 15.013 ± 0.764a 14.146 ± 0.976
Root dry weight (g) 2.780 ± 0.128a 2.625 ± 0.230a 2.583 ± 0.263a 2.597 ± 0.070a 3.207 ± 0.333a 2.870 ± 0.200a 2.607 ± 0.303
Root dry/fresh weight 0.180 ± 0.004a 0.165 ± 0.006a 0.176 ± 0.011a 0.161 ± 0.008a 0.183 ± 0.008a 0.190 ± 0.012a 0.180 ± 0.010
Root/Shoot fresh weight 0.693 ± 0.027a 0.760 ± 0.056a 0.681 ± 0.058a 0.751 ± 0.040a 0.845 ± 0.061a 0.714 ± 0.036a 0.676 ± 0.053
Root/Shoot dry weight 0.125 ± 0.004a 0.127 ± 0.011a 0.119 ± 0.012a 0.119 ± 0.006a 0.155 ± 0.018a 0.134 ± 0.009a 0.123 ± 0.016
Stem height (cm) 60.117 ± 0.964a 58.967 ± 1.273a 59.729 ± 1.376a 60.357 ± 0.979a 58.450 ± 0.823a 57.529 ± 1.253a 58.071 ± 0.830
Chl a (µg/mL) 46.064 ± 2.434a 43.998 ± 1.286a 47.592 ± 2.184a 47.162 ± 2.422a 43.994 ± 1.182a 42.412 ± 1.720a 46.214 ± 1.653
Chl b (µg/mL) 14.121 ± 0.955a 13.683 ± 0.524a 14.733 ± 0.987a 14.404 ± 0.745a 14.365 ± 0.602a 12.915 ± 0.556a 14.251 ± 0.606
Chl a/Chl b 3.285 ± 0.105a 3.221 ± 0.034a 3.259 ± 0.085a 3.275 ± 0.020a 3.073 ± 0.064a 3.289 ± 0.060a 3.252 ± 0.063




4 - Fourth experiment | Clone 26 (CL26) 
Table 4.1 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control SVB6R1 BEG12+SVB6R1 AMF mix+SVB6R1 
Shoot dry weight (g) 4.560 ± 0.097a 4.868 ± 0.158a 4.456 ± 0.231a 5.034 ± 0.185a 
Leaf fresh weight (g) 10.956 ± 0.250a 10.830 ± 0.185a 10.904 ± 0.144a 11.586 ± 0.259a 
Leaf dry weight (g) 2.462 ± 0.026a 2.498 ± 0.057a 2.374 ± 0.061a 2.570 ± 0.084a 
Shoot dry/fresh weight 0.240 ± 0.008a 0.252 ± 0.011a 0.238 ± 0.010a 0.240 ± 0.011a 
Root fresh weight (g) 13.704 ± 1.349a 13.110 ± 1.035a 11.654 ± 0.334a 12.978 ± 0.634a 
Root dry weight (g) 2.478 ± 0.260a 2.284 ± 0.283a 2.186 ± 0.224a 2.692 ± 0.154a 
Root dry/fresh weight 0.182 ± 0.006a 0.170 ± 0.012a 0.186 ± 0.016a 0.208 ± 0.006a 
Root/Shoot fresh weight 0.718 ± 0.071a 0.686 ± 0.061a 0.620 ± 0.022a 0.624 ± 0.038a 
Root/Shoot dry weight 0.542 ± 0.054a 0.466 ± 0.050a 0.488 ± 0.028a 0.534 ± 0.025a 
Stem height (cm) 53.900 ± 1.105a 54.800 ± 0.771a 53.680 ± 1.788a 54.960 ± 0.533a 
 
Table 4.2 | One-way ANOVA of the different plant parameters that showed significant differences between 
the various treatments. 
 One-way ANOVA 





Shoot fresh weight (g) ** 
Root length (cm) * 
Stem height/Root length * 
Chl a (µg/mL) * 
Chl b (µg/mL) * 
Chl a/Chl b * 







5 - Fifth experiment | Clone 26 (CL26) 
Table 5.1 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control Ri Ri+Pf7 Ri+SVB6R1 
Shoot fresh weight (g) 21.533 ± 0.428a 20.143 ± 0.668a 20.919 ± 0548a 21.106 ± 0.437a 
Shoot dry weight (g) 6.163 ± 0.176a 5.672 ± 0.227a 5.493 ± 0.213a 5.941 ± 0.052a 
Leaf fresh weight (g) 11.022 ± 0.259a 10.927 ± 0.496a 11.163 ± 0.488a 10.924 ± 0.301a 
Shoot dry/fresh weight 0.287 ± 0.011a 0.282 ± 0.011a 0.263 ± 0.013a 0.281 ± 0.006a 
Root dry weight (g) 4.075 ± 0.213a 4.320 ± 0.342a 3.560 ± 0.215a  3.710 ± 0.276a  
Root dry/fresh weight 0.218 ± 0.006a  0.245 ± 0.012a 0.241 ± 0.007a  0.241 ± 0.009a  
Root/Shoot fresh weight 0.510 ± 0.008a 0.543 ± 0.013a 0.533 ± 0.015a 0.519 ± 0.006a 
Root/Shoot dry weight 0.662 ± 0.035a  0.763 ± 0.056a  0.644 ± 0.018a  0.623 ± 0.043a  
Stem height (cm) 57.017 ± 0.442a 53.517 ± 0.865a 54.286 ± 1.228a 55.943 ± 1.046a 
Chl a (µg/mL) 42.929 ± 3.249a  42.309 ± 3.859a  44.631 ± 2.514a  38.572 ± 1.298a  
Chl b (µg/mL) 12.592 ± 0.983a  13.632 ± 1.230a  15.241 ± 0.986a  12.862 ± 0.495a  
Carotenoids (µg/mL)  9.321 ± 0.720a  8.711 ± 0.676a  9.155 ± 0.444a 7.847 ± 0.360a  
 
 
Table 5.2 | One-way ANOVA of the different plant parameters that showed significant differences between 
the various treatments. 
 One-way ANOVA 





Leaf dry weight (g) ** 
Root fresh weight (g) * 
Root length (cm) ** 
Stem height/Root length * 







6 - Sixth experiment | Clone 26 (CL26) and Clone 7 (CL7) 
6.1 - I° sampling | Clone 26 (CL26) 
Table 6.1 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control Pf7 AMF mix Pf7+AMF mix 
A% 0a 0a 1.653 ± 0.757a 0.485 ± 0.449a 
V% 0a 0a 0.046 ± 0.035a 0a 
Shoot fresh weight (g) 11.800 ± 0.327a 12.677 ± 0.373a 12.733 ± 0.301a 12.955 ± 0.330a 
Shoot dry weight (g) 2.628 ± 0.061a 2.795 ± 0.091a 2.816 ± 0.079a 2.758 ± 0.151a 
Leaf fresh weight (g) 6.223 ± 0.172a 6.608 ± 0.201a 6.239 ± 0.094a 6.743 ± 0.148a 
Leaf dry weight (g) 1.365 ± 0.035a 1.357 ± 0.029a 1.356 ± 0.028a 1385 ± 0.068a 
Shoot dry/fresh weight 0.223 ± 0.009a 0.220 ± 0.011a 0.220 ± 0.004a 0.215 ± 0.008a 
Root fresh weight (g) 7.955 ± 0.673a 9.195 ± 0.502a 8.931 ± 0.436a 8.560 ± 0.498a 
Root dry weight (g) 1.248 ± 0.073a 1.402 ± 0.127a 1.446 ± 0.057a 1.272 ± 0.071a 
Root dry/fresh weight 0.160 ± 0.009a 0.150 ± 0.011a 0.161 ± 0.004a 0.148 ± 0.008a 
Root/Shoot fresh weight 0.672 ± 0.040a 0.732 ± 0.053a 0.707 ± 0.041a 0.660 ± 0.035a 
Root/Shoot dry weight 0.477 ± 0.032a  0.497 ± 0.035a  0.517 ± 0.030a  0.463 ± 0.021a  
Stem height (cm) 35.200 ± 0.832a 37.517 ± 2.122a 37.671 ± 1.076a 38.667 ± 1.889a 
Root length (cm) 36.467 ± 4.030a 30.333 ± 1.680a 28.643 ± 2.168a 27.783 ± 1.008a 
Stem height/Root length 1.022 ± 0.103a 1.248 ± 0.087a 1.369 ± 0.115a 1.398 ± 0.074a 
Chl a (µg/mL)  46.496 ± 4.480a  41.844 ± 3.694a  36.487 ± 1.202a  38.224 ± 1.972a  
Chl b (µg/mL)  13.734 ± 1.556a  12.988 ± 1.107a  11.159 ± 0.466a  11.667 ± 0.605a  
Chl a/Chl b 3.425 ± 0.079a  3.222 ± 0.074a  3.283 ± 0.080a  3.276 ± 0.023a  
Carotenoids (µg/mL) 10.014 ± 1.044a  8.509 ± 0.828a  7.757 ± 0.280a  7.924 ± 0.395a  








6.2 - I° sampling | Clone 7 (CL7) 
Table 6.2 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control Pf7 BEG12 Pf7+BEG12 
A% 0a 0a 0.095 ± 0.060a 0.080 ± 0.046a 
V% 0a 0a 0a 0.002 ± 0.002a 
Leaf fresh weight (g) 7.007 ± 0.220a 7.252 ± 0.132a 6.562 ± 0.236a 6.892 ± 0.131a 
Leaf dry weight (g) 1.675 ± 0.046a 1.744 ± 0.020a 1.555 ± 0.068a 1702 ± 0.061a 
Shoot dry/fresh weight 0.242 ± 0.006a 0.240 ± 0.005a 0.237 ± 0.007a 0.242 ± 0.010a 
Root fresh weight (g) 9.098 ± 0.359a 9.504 ± 0.772a 8.100 ± 0.702a 8.768 ± 0.992a 
Root dry weight (g) 1.235 ± 0.054a 1.310 ± 0.025a 1.295 ± 0.051a 1.430 ± 0.020a 
Root dry/fresh weight 0.137 ± 0.008a 0.140 ± 0.011a 0.163 ± 0.010a 0.162 ± 0.011a 
Root/Shoot fresh weight 0.698 ± 0.031a 0.728 ± 0.063a 0.698 ± 0.045a 0.726 ± 0.081a 
Root/Shoot dry weight 0.390 ± 0.026a  0.420 ± 0.010a  0.480 ± 0.019a  0.482 ± 0.049a  
Stem height (cm) 38.067 ± 2.995a 38.560 ± 1.319a 36.117 ± 1.327a 37.460 ± 1.761a 
Root length (cm) 26.017 ± 0.661a 26.040 ± 1.497a 28.767 ± 0.817a 25.980 ± 0.863a 
Stem height/root length 1.468 ± 0.127a 1.504 ± 0.109a 1.258 ± 0.049a 1.446 ± 0.062a 
Chl a (µg/mL)  33.671 ± 1.183a  33.500 ± 0.990a  37.106 ± 1.983a  35.999 ± 0.829a  
Chl b (µg/mL)  9.693 ± 0.386a  10.141 ± 0.358a  11.340 ± 0.666a  11.340 ± 0.344a  
Carotenoids (µg/mL) 7.742 ± 0.170a 7.434 ± 0.195a  8.170 ± 0.341a  7.987 ± 0.160a  











6.3 - II° sampling | Clone 26 (CL26) 
Table 6.3 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control Pf7 AMF mix Pf7+AMF mix 
Shoot dry weight (g) 5.225 ± 0.547a 5.452 ± 0.111a 5.850 ± 0.266a 6.085 ± 0.084a 
Root/Shoot dry weight 0.525 ± 0.070a  0.430 ± 0.026a  0.558 ± 0.020a  0.493 ± 0.013a  
Stem height (cm) 54.650 ± 0.421a 53.040 ± 2.203a 55.880 ± 0.767a 56.750 ± 0.801a 
Root length (cm) 26.475 ± 0.826a 27.300 ± 1.181a 26.540 ± 1.052a 29.417 ± 0.630a 
Stem height/root length 2.070 ± 0.081a 1.956 ± 0.097a 2.118 ± 0.073a 1.932 ± 0.017a 
Chl a (µg/mL)  31.666 ± 2.866a  34.084 ± 1.133a  34.728 ± 1.748a  29.097 ± 2.611a  
Chl b (µg/mL)  9.653 ± 0.602a  11.068 ± 0.481a  11.161 ± 0.565a  9.784 ± 0.803a  
Chl a/Chl b 3.268 ± 0.143a  3.087 ± 0.057a  3.112 ± 0.022a  2.965 ± 0.054a  
Carotenoids (µg/mL) 7.524 ± 0.568a  8.225 ± 0.441a  7.563 ± 0.273a  6.436 ± 0.538a  
Artemisinin (mg/mL) 7.677 ± 0.817a  8.261 ± 0.576a  7.804 ± 0.260a  6.903 ± 0.313a 
 
 
6.4 - II° sampling | Clone 7 (CL7) 
Table 6.4 | Data of the different plant parameters that did not show significant differences between the 
various treatments. 
 Plant treatment 
Parameter Control Pf7 BEG12 Pf7+BEG12 
V% 0a 0a 0a 0.006 ± 0.006a 
Shoot dry weight (g) 5.484 ± 0.301a 5.628 ± 0.127a 5.260 ± 0.173a 5.014 ± 0.063a 
Root fresh weight (g) 15.456 ± 0.793a 16.732 ± 1.049a 17.238 ± 1.042a 16.086 ± 0.680a 
Root dry weight (g) 2.520 ± 0.115a 2.928 ± 0.182a 3.108 ± 0.288a 2.666 ± 0.090a 
Root dry/fresh weight 0.164 ± 0.010a 0.174 ± 0.005a 0.180 ± 0.010a 0.166 ± 0.002a 
Root/Shoot fresh weight 0.876 ± 0.066a 1.038 ± 0.086a 1.097 ± 0.089a 1.138 ± 0.044a 
Root/Shoot dry weight 0.462 ± 0.018a  0.524 ± 0.039a  0.598 ± 0.066a  0.532 ± 0.018a  
Stem height (cm) 53.960 ± 2.416a 54.980 ± 1.590a 54.750 ± 0.812a 51.900 ± 0.522a 
Root length (cm) 28.180 ± 2.228a 26.780 ± 0.925a 25.533 ± 0.651a 27.700 ± 1.097a 
Stem height/root length 1.966 ± 0.171a 2.068 ± 0.111a 2.150 ± 0.042a 1.886 ± 0.069a 
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